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Preface to the 
Second Edition 


hen we wrote the first edition of Organic Chemistry, our goal was to produce a 

manageable text for the one-year introductory organic chemistry course — a text 
designed to guide students intheir studies and not simply provide a compilation of organic 
chemical knowledge. Throughout our writing we tried always to keepthe student in mind. 
For the most part, we think we were successful in achieving our goal. The response from 
users of the first edition. professors and students alike, has been gratifying. 

In this second edition, we have retained the same overall organization as in the first. 
We have also kept the amount of chemistry, as well as the length of the book, about the 
same. The revisions, most of them based on the experiences of users of the first edition, 
have been made primarily to improve clarity, correctness, and logical flow of material. 

Changes that occur throughout this edition include the addition of preparation 
tables, which list the reactions used to prepare the various classes of compounds; short 
sections on how each class of compounds can be used in synthesis; and reaction summary 
tables, which are incorporated into the synthesis sections. Chapter summaries have been 
retained to emphasize the important points covered. These tables and sections are in- 
cluded for the student's review and convenience. Other recurring changes include greater 
emphasis on electron shifts in mechanisms and more extensive use of dimensional 
(wedge) formulas. 

In addition to these changes, the problem sets at the ends of the chapters have been 
improved. We have replaced some of the more repetitive drill problems with a greater 
number of problems that require some thought. Some of these problems are moder- 
ately demanding, while others, toward the ends of the problem sets, should be quite 
challenging. 


The text is organized into three parts: concepts of structure and bonding; organic 
reactions and mechanisms; and topics of more specialized interest. 
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Introductory material. | Chapters | and2 are primarily reviews of atomic and mo- 
lecular structure, along with electroncgativity, hydrogen bonding, acid— basc reactions 
(expanded somewhat in this edition), and molecular orbitals (presented for the most part 
in a pictorial way). Bonding in some simple nitrogen and oxygen compounds is included 
asa way of introducing the concept of functional groups, but this topic is emphasized less 
than in the first edition. A brief introduction to resonance theory, with a fcw more exam- 
ples than in the first edition, is also presented here. 

The student's introduction to structural isomerism and nomenclature comes in 
Chapter3. Besides describing the nomenclature of alkanes. we briefly introduce thc nam- 
ing of a few otherclasses of compounds that will be encountered early in the book. Chapter 
4 on stereochemistry contains discussions of structure: geometric isomerism, conforma- 
tion, and chirality. Fischer projections have been moved from the carbohydrates chapter 
to Chapter 4 for the convenience of instructors who use these projections early in the 
course. Resolution, formerly in Chapter 15, has also been included here, partly to demon- 
strate the important difference between enantiomers and diastereomers and partly as an 
extension of acid— base reactions. 


Organic reactions. | Mechanisms are introduced in Chapter 5 with the substitution 
and elimination reactions of alkyl halides. We have several reasons for taking this ap- 
proach. First, the typical S42 reaction path is a concerted reaction with a single transi- 
tion state and is thus ideal for introducing transition-state diagrams and reaction kinetics. 
Second, the S,1 path follows logically from the S42 mechanism and allows us to intro- 
duce steric hindrance and carbocations early in the course. Finally, ionic reactions allow 
us to apply the stereochemical principles just covered in Chapter 4. 

Chapter 5 has been extensively revised and tightened. Because the E1 mechanism is 
more important in alcohol chemistry than in alkyl halide chemistry, the principal discus- 
sion of the E1 path has been moved to Chapter 7. The topic of solving synthesis problems 
has been moved to Chapter 6 on free-radical halogenation and organometallic com- 
pounds, by which time students will have learned enough chemistry for retrosynthetic 
analysis to be presented. Otherwise, Chapter 6 has been revised only slightly. 

Chapter 7 (alcohols and ethers) has been tightened considerably by rearranging the 
order of topics. In this edition, all alcohol chemistry is presented first. followed by ether 
and epoxide chemistry. The discussions of inorganic esters and phenols have been short- 
ened: however, phenols are now discussed at greater length in the chapter on benzene and 
substituted benzenes. 

Infrared and nmr spectroscopy, presented in Chapter 8, provide a break in the 
organizational pattern of organic reactions and are discussed later in this preface. 

In Chapter 9 on alkenes and alkynes, the topic of hydroboration has been expanded 
because of the increasing interest in this area. Although the Diels— Alder reaction is still 
presented in Chapter 9, and has been expanded upon in this edition, the general topic of 
pericyclic reactions has been moved to a new Chapter 17. Chapter 10 (benzene and sub- 
stituted benzenes) has been expanded to include aryldiazonium salts, which previously 
appeared in Chapter 15, and phenols (formerly in Chapter 7); both are discussed in some- 
what greater detail than in the previous edition. 

The chemistry of carbonyl compounds in Chapters 11— 14 has undergone only 
minor revision. Chapter 15 (amines) has been shortened by transferring resolution and 
aryldiazoniumsalts to earlier chapters; however, a brief discussion of phase-transfer catal- 
ysis has been added. 
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Topics of specialized interest. Chapters 16— 21 cover polycyclic and heterocyclic 
compounds; репсусИс reactions; carbohydrates; proteins: lipids; and uv spectroscopy. 
color. and mass spectrometry. Except for minor revisions and updating, the principal 
changes in these chapters include the addition of a simple alkaloid synthesis to Chapter 16 
and the coverage of pericyclic reactions using the frontier molecular orbital approach in 
the new Chapter 17. 

Other topics of special interest, such as carbenes, polymers, and the metabolism of 
ethanol, appear within chapters where they logically follow from the chemistry being 
discussed. Wherever possible, these subjects are placed in separate sections so that they 
can be dealt with as the instructor deems best. 


Although wehave notchanged our basic philosophy concerning the presentation of 
nomenclature, spectroscopy, synthesis, bio-organic material, and problems in this second 
edition, our approach and the minor changes made are worth stating. 


Nomenclature. \nkeeping with current trends in nomenclature, we stress IUPAC 
names in this text. more so than in the first edition; however, we also include some trivial 
names (such as acetone and t-butyl chloride) that are part of every organic chemist's 
vocabulary. As in the first edition, our presentation begins with a brief survey of system- 
atic nomenclature in Chapter 3. The names presented there are those that the student will 
encounter again in chapters immediately following. The nomenclature for each class of 
compounds is then discussed in more detail in later chapters. An appendix is included for 
those who wish additional material or a quick source of reference. 


Spectroscopy. Spectroscopy is discussed as early as we think feasible — Chapter 
8. By this time, the student has a working knowledge of structure, a few functional 
groups, and a few reactions. However, those who wish to do so may cover the spec- 
troscopy chapter right after Chapter 4, as soon as the students are familiar with organic 
structures. 

We have included infrared and nuclear magnetic resonance spectroscopy in Chapter 
8 because of their importance in structure determination. Sufficient background in the 
principles behind infrared and nmr spectroscopy is presented so that students can appreci- 
ate why spectra and structures are related, but the emphasis is on structure. Wherever 
appropriate after Chapter 8, we have included sections on the infrared and nmr character- 
istics of the compound classes being discussed. Structure-determination problems in- 
volving infrared and nmr spectra are included at the ends of many of these later chapters. 

Revisions in Chapter 8 include the use of infrared spectra with cm! as the principal 
scale, because this is the type of spectrum students will likely encounter in the laboratory, 
and the addition of a short section on carbon- 13 nmr spectroscopy. 

Ultraviolet and mass spectra are covered in Chapter 21. These topics are designed to 
stand alone: therefore, either or both can be presented along with infrared and nmr spectra 
if the instructor wishes. 


Synthesis: We have placed our formal discussions of synthesis in separate sec- 
tions — many of them new — at the ends of appropriate chapters so that they may be empha- 
sized or de-emphasized in the lecture presentation. The purposes of these sections are to 
provide additional review of material covered previously and to give students an opportu- 
nity to apply their knowledge. 


vi 
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Bio-organic material. Мапу students in the introductory organic course are ma- 
joring in medical or biological fields. Therefore, numerous sections and problems that are 
biological in nature have been included. We have selected material that is appropriate to 
the chemistry under discussion and that requires application of organic logic. Our inten- 
tion is to show the close relationship between organic chemistry and the biological 
sciences. 


Problems. We are firm believers in problem solving as an important part of learn- 
ing organic chemistry, and we have included more than 1150 unsolved problems in the 
text. Withineach chapter, a number of worked-out sample problems are included to illus- 
trate the approach to problem solving and to provide further information. Often these 
sample problems are followed directly by study problems with answers at the end of the 
book. Some of these study problems are designed to relate previous material to the present 
discussion. Others are designed to test students on their mastery of new material. 

The problems at the end of each chapter are of two types: drill problems and thought 
problems. Although their order of presentation tends to follow the chapter organization, 
they are graded in difficulty. The last several problems in each chapter should challenge 
even the best students. As mentioned, we have changed the mixture of problems to in- 
clude a somewhat greater number of intermediate and more-challenging problems, gen- 
erally of the synthesis type, but not exclusively so. The Study Guide with Solutions that 
accompanies this text contains the answers to the chapter-end problems and also provides 
further explanation where appropriate. 


Finally, we have prepared several supplements in addition to the Study Guide just 
mentioned. Many figures in the text, especially the spectra, have been included in a set of 
Overhead Transparencies available from the publisher. We have written an /nstructor's 
Guide containing what we hope is useful information for instructors using this text. It also 
contains a table correlating every end-of-chapter problem in the book with the text section 
on which it is based. 
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СНАРТЕК 1 


Atoms and Molecules— 
A Review 


A round 1850, organic chemistry was defined as the chemistry of compounds that 
come from living things —hence the term organic. This definition was well- 
outgrown by about 1900. By that time, chemists were synthesizing new organic 
compounds in the laboratory, and many of these new compounds had no link with 
any living thing. Today, organic chemistry is defined as the chemistry of the com- 
pounds of carbon. This definition too is not entirely correct, because a few carbon 
compounds, such as carbon dioxide, sodium carbonate, and potassium cyanide, 
are considered to be inorganic. We accept this definition, however, because all 
organic compounds do contain carbon. 

Carbon is but one element among many in the periodic table. What is 
so unique about carbon that its compounds justify a major subdivision in the 
study of chemistry? The answer is that carbon atoms can be covalently bonded 
to other carbon atoms and to atoms of other elements in a wide variety of ways, 
leading to an almost infinite number of different compounds. These compounds 
range in complexity from the simple compound methane (СН), the major 
component of natural gas and marsh gas, to the quite complex nucleic acids, 
the carriers of the genetic code in living systems. 

A knowledge of organic chemistry is indispensable to many scientists. For 
example, because living systems are composed primarily of water and organic 
compounds, almost any area of study concerned with plants, animals, or micro- 
organisms depends on the principles of organic chemistry. These areas of study 
include medicine and the medical sciences, biochemistry, microbiology, agri- 
culture, and many others. However, these are not the only fields that depend on 
organic chemistry. Plastics and synthetic fibers are also organic compounds. 
Petroleum and natural gas consist mostly of compounds of carbon and hydrogen 
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that have been formed by the decomposition of plants. Coal is a mixture of ele- 
mental carbon combined with compounds of carbon and hydrogen. 

Where do we start? The cornerstone of organic chemistry is the covalent 
bond. Before we discuss the structure, nomenclature, and reactions of organic 
compounds in detail, we will first review some aspects of atomic structure and bond- 
ing (Chapter 1) and then molecular orbitals (Chapter 2) as these topics apply to 
organic compounds. 


SECTION 1.1. 


Electron Structure of the Atom 


The most important elements to organic chemists are carbon. hydrogen, 
oxygen, and nitrogen. These four elements are in the first two periods of the periodic 
table and their electrons are all found in the two electron shells closest to the 
nucleus. Consequently, our discussion of the electron structures of atoms will 
center mainly on elements with electrons only in these two electron shells. 

Each electron shell is associated with a certain amount of energy. Electrons 
close to the nucleus are more attracted by the protons in the nucleus than are 
electrons farther away. Therefore, the closer an electron is to the nucleus, the lower 
is its energy. The electron shell closest to the nucleus is the one of lowest energy, 
and an electron in this shell is said to be at the first energy level. Electrons in the 
second shell, at the second energy level, are of higher energy than those in the first 
shell. Electrons in the third shell, at the third energy level, are of higher energy yet. 


A. Atomic orbitals 


We cannot accurately determine the position of an electron relative to the 
nucleus of an atom. Instead, we must rely upon quantum theory to describe the 
most likely location of an electron. Each electron shell of an atom is subdivided 
into atomic orbitals, an atomic orbital being a region in space where the probability 
of finding an electron of a specific energy content is high (90—95°). Electron 
density is another term used to describe the probability of finding an electron in a 
particular spot; a higher electron density means a greater probability. while a 
lower electron density means a lesser probability. 

The first electron shell contains only the spherical 15 orbital. The probability 
of finding a 15 electron is highest in this sphere. The second shell, which is slightly 
farther from the nucleus than the first shell, contains one 25 orbital and three 2p 
orbitals. The 25 orbital, like the 15 orbital, is spherical. 

Figure 1.1 shows a graph of electron density in the 15 and 2s orbitals as a 
function ef distance from the nucleus. It may be seen from the graph that the 15 
and 25 orbitals do not have sharply defined surfaces, but rather the electron density 
increases and decreases over a range of distances from the nucleus. The result is 
that the 15 and 25 orbitals overlap each other. 

The electron density-distance curve for the 25 orbital reveals two areas of 
high electron density separated by a zero point. This zero point is called a node, 
and represents a region in space where the probability of finding an electron (the 
2s electron in this case) is very small. All orbitals except the 15 orbital have nodes. 
Pictorial representations of the 15 and 2s orbitals are shown in Figure 1.2. 
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\ 


Electron 
density 


— — Distance from nucleus ——» 


FIGURE 1.1. Graphic relationship between the 1s and 2s atomic orbitals. 


15 orbital 25 orbital 


node 


FIGURE 1.2. Pictorial representations of the 1s and 2s atomic orbitals. 


The second energy level also contains three 2p atomic orbitals. The 2p 
orbitals are at a slightly greater distance from the nucleus than the 25 orbital and 
are of slightly higher energy. The p orbitals are shaped rather like dumbbells; 
each p orbital has two lobes separated by a node (a nodal plane in this case) at 
the nucleus (see Figure 1.3). 

A sphere (an s orbital) is nondirectional; that 1s, it appears the same when 
viewed from any direction. This is not the case with a p orbital, which can assume 
different orientations about the nucleus. The three 2p orbitals are at right angles 
to each other— this orientation allows maximum distance between the electrons in 
the three p orbitals and thus minimizes repulsions between electrons in different 
p orbitals. The mutually perpendicular p orbitals are sometimes designated 
Px» Ру, and р.. The subscript letters refer to the x, y, and z axes that may be drawn 
through pictures of these p orbitals, as in Figure 1.3. 


р р Py 
] P 
ИЭ 


nodal plane——> ө e p. - Р 
Hx 
J J 


one 2p orbital two 2p orbitals three 2p orbitals 


FIGURE 1.3. The shapes and orientations of the 2p orbitals. 
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TABLE 1.1. Atomic orbitals in the first three energy levels 


Energy level Atomic orbitals 


Is 
25 ор PID pe 
3s Зр, 3p, 3p. plus five 3d 


w N = 


Since the three 2p orbitals are equivalent in shape and in distance from the 
nucleus, they have equal energies. Orbitals that have the same energy, such as the 
three 2p orbitals, are said to be degenerate. 

The third electron shell contains one 3s orbital, three 3p orbitals, and also 
five 3d orbitals. The numbers of atomic orbitals at each of the first three energy 
levels are summarized in Table 1.1. 


B. Filling the orbitals 


Electrons have spin, which can be either clockwise or counterclockwise. The 
spin of a charged particle gives rise to a small magnetic field, or magnetic moment, 
and two electrons with opposite spin have opposite magnetic moments. The 
repulsion between the negative charges of two electrons with opposite spin is 
minimized by the opposite magnetic moments, allowing two such electrons to 
become paired within an orbital. For this reason, any orbital can hold a maximum 
of two electrons, but those electrons must be of opposite spin. Because of the 
number of orbitals at each energy level (one at the first energy level, four at the 
second, and nine at the third), the first three energy levels can hold up to two, 
eight, and 18 electrons, respectively. 

The aufbau principle (German, “building up”) states that as we progress 
from hydrogen (atomic number 1) to atoms of successively higher atomic number, 
orbitals become filled with electrons in such a way that the lowest-energy orbitals 
are filled first. A hydrogen atom has its single electron in a 15 orbital. The next 
element, helium (atomic number 2), has its second electron also in the 1s orbital. 
The two electrons in this orbital are paired. 


TABLE 1.2. Electron configurations of the elements in periods 1 and 2 


Element Atomic number Electron configuration 
H l Ik 

He 2 15° 

Li 3 1552s! 

Be 4 152025? 

B 5 1572900 
C 6 152° 255952 
N 7 ls 2s 2р 
О 8 ар: 
Е 9 оў 
Ме 10 IS 25? 2р2 
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A description of the electron structure for an element is called its electron 
configuration. The electron configuration for H is 1s!, which means one electron 
(superscript 1) in the 15 orbital. For He, the electron configuration 15 152, meaning 
two electrons (superscript 2) in the 15 orbital. Lithium (atomic number 3) has two 
electrons in the 1 orbital and one electron in the 25 orbital; its electron con- 
figuration is 152 25!. 

The electron configurations for the first- and second-period elements are 
shown in Table 1.2. In carbon and the succeeding elements, each 2p orbital receives 
one electron before any 2p orbital receives a second electron. This is an example of 
Hund's rule: In filling atomic orbitals. pairing of two electrons in degenerate 
orbitals does not occur until each degenerate orbital contains one electron. There- 
fore, an atom of carbon has an electron configuration of 15? 2s? 2p,! 2р,!. 


SECTION 1.2. 


Atomic Radius 


The radius of an atom is the distance from the center of the nucleus to the 
outermost electrons. The atomic radius is determined by measuring the bond 
length (the distance between nuclei) in a covalent compound such as CI—Cl 
or H—H and dividing by two. Therefore, atomic radii are often called covalent 
radii. Values for atomic radii are usually given in Angstroms (А), where 1 А = 
1078 cm. 


For H; 


bond length = 0.74 А 


я>» 


oP 


==> 


atomic radius = 0.37 А 


Atomic radii vary depending on the extent of attraction between the nucleus 
and its electrons. The greater the attraction, the smaller is the atomic radius. 
What factors affect this attraction? The most important factors are the number 
of protons in the nucleus and the number of shells containing electrons. 

A nucleus with a greater number of protons has a greater attraction for its 
electrons, including the outermost electrons. Consider the elements of the second 
row of the periodic table (lithium to fluorine). An atom of any of these elements 
has electrons in only the first two electron shells. As we progress stepwise from 
lithium to fluorine, a proton is added to the nucleus. At each step, the nucleus has 
a greater attraction for the electrons, and the atomic radius decreases (refer to 
Figure 1.4). 


Li Be ВОСЕМ 0 F 
atomic number: 3 4 5 6 7 8 9 


decreasing atomic radius 
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Р 7 a z ц 
С М О | Е 
0.771 074 | 074 | 072 
Р" I. m" 


Si P | dC | 
1.173 LU 1.04 | 0.994 | 


FIGURE 1.4. Atomic radii of some of the elements (in Angstroms, A, where ТА = 10^ cm). 


As we proceed from top to bottom within a group in the periodic table, the 
number of electron shells increases and, therefore, so does the atomic radius. 


| Н (1$һей) 
increasing Li (2 shells) 
atomic radius ма (3 shells) 
К (4 shells) 


In organic chemistry, atoms are bonded together in close proximity to one 
another by covalent bonds. We will find the concept of atomic radii useful in 
estimating the attractions and repulsions between atoms and in discussing co- 
valent bond strengths. 


SECTION 1.3. 


Electronegativity 


Electronegativity is a measure of the ability of an atom to attract its outer, or 
valence, electrons. Since it is the outer electrons of an atom that are used for 
bonding, electronegativity is useful for predicting and explaining chemical re- 
activity. Like the atomic radius, electronegativity is affected by the number of 
protons in the nucleus and by the number of shells containing electrons. A greater 
number of protons means a greater positive nuclear charge, and thus an increased 
attraction for the bonding electrons. Therefore, electronegativity increases as we 
go from left to right in a given period of the periodic table. 


Li Be ВС P ОЕ 
increasing electronegativity 


Attractions between oppositely charged particles increase with decreasing 
distance between the particles. Thus, electronegativity increases as we proceed 
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from bottom to top in a given group of the periodic table because the valence 
electrons are closer to the nucleus. 


Е 
increasing Ci 
electronegativity Br 
I 


The Pauling scale (Figure 1.5) is a numerical scale of electronegativities. 
This scale is derived from bond-energy calculations for different elements joined 
by covalent bonds. In the Pauling scale, fluorine, the most electronegative element, 
has an electronegativity value of 4. Lithium, which has a low electronegativity, 
has a value of 1. An element with a very low electronegativity (such as lithium) is 
sometimes called an electropositive element. Carbon has an intermediate electro- 
negativity value of 2.5. 


H 


eT 


Na Mg Al Si Р S І 
0.9 182 125 1.8 24] 2.5 3.0 
Вг 
vs 

I 
279 


FIGURE 1.5. Electronegativities of some elements (Pauling scale). 


SECTION 1.4. 


Introduction to the Chemical Bond 


Because of their different electron structures, atoms can become bonded together 
in molecules in different ways. In 1916, G. N. Lewis and W. Kóssel advanced the 
following theories: 


1. An ionic bond results from the transfer of electrons from one atom to 
another. 


2. А covalent bond results from the sharing of a pair of electrons by two 
atoms. 


3. Atoms transfer or share electrons so as to gain a noble-gas electron 
cenfiguration. This configuration is usually eight electrons in the outer 
shell, corresponding to the electron configuration of neon and argon. This 
theory is called the octet rule. 
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An ionic bond is formed by electron transfer. Onc atom donates one or morc 
of its outermost, or bonding, electrons to another atom or atoms. The atom that 
loses electrons becomes a positive ion, or cation. The atom that gains the electrons 
becomes a negative ion, or anion. Thc ionic bond results from thc electrostatic 
attraction between these oppositely charged ions. We may illustrate electron trans- 
fer by using dots to represent the bonding electrons. 


Ма: + C — —— Ма Je ог Na* CI 


A covalent bond is produced by the sharing of a pair of bonding electrons 
between two atoms. Shared electrons result from the merging of the atomic orbitals 
into shared orbitals called molecular orbitals, a topic that we will discuss in Chapter 
2. For now, we will use dots to represent bonding electrons. With the dot formulas, 
called Lewis formulas, we can easily count electrons and see that the atoms attain 
noble-gas configurations: two electrons (helium configuration) for hydrogen and 
eight electrons for most other atoms. 


вн Е м 8 


o... covalent bond 
ICi Он se Ie 


H 
Ter T4Hue———À H:C:H 
H 


four covalent bonds 


The sharing of one pair of electrons between two atoms is called a single 
bond. Two atoms can share two pairs or even three pairs of electrons; these multiple 
bonds are called double bonds and triple bonds, respectively. 


double bonds triple bonds 
zm А 
Hig бшшш», 4 3 
"uy «Се МИМ: H:C::C:H 
H° H Ва 15 


SAMPLE PROBLEMS 


Circle the eight bonding electrons associated with the carbon atom in each of the 
following structures: 


"О 
H:C:H Verc fax H:C::N: 


Solution: 


н Ун ocio: TON 
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For the structures in the preceding problem, circle the two electrons associated 
with each hydrogen atom and the eight electrons associated with each oxygen or 


nitrogen atom 
C 
OM CI Wee) 


When do atoms form ionic bonds and when do they form covalent bonds? 
Ionic bonds are formed when the electronegativity difference between two atoms 
is large (greater than about 1.7). For example, a sodium atom (electronegativity 
0.9). with little attraction for its bonding electron, readily loses this electron to a 
chlorine atom (electronegativity 3.0). On the other hand, the electronegativity 
difference between two carbon atoms 1$ zero; between carbon and hydrogen, 
only 0.4; and between carbon and chlorine, 0.5. Because carbon has an electro- 
negativity of 2.5, intermediate between the extremes of high and low electro- 
negativity, it almost never forms ionic bonds with other elements. Instead, carbon 
forms covalent bonds with other carbon atoms and with atoms of other elements. 


Solution: 


А. Valence 


The valence of an atom is the number of electrons that the atom loses, gains, 
or shares. In a covalent molecule, the valence of each atom is the number of co- 
valent bonds that the atom forms. Carbon has four bonding electrons and forms 
four covalent bonds to attain an octet. Therefore, we say that carbon has a valence 
of four. Table 1.3 lists typical valences of elements commonly found in organic 
compounds. 


H 
(CS + 4Н. ——— н:С:н 
valence valence H 
of 4 of 1 
Ке 
"um cus oe 
SG- 
valence valence 55 
of 4 of 1 


TABLE 1.3. Most common valences of some elements typically encountered in organic 


compounds 
Element Valence 
H 1 
@ 4 
О 2) 
М 3 
CI 1 
I 1 
Вг 1 
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For simple structures, we can often deduce the Lewis formula for a compound 
of known composition from valence rules alone. 


SAMPLE PROBLEMS 


1.1. 


Write the Lewis formulas for H,O and C,H,. 


Solution: 

l. Determine the number of valence electrons of each atom: Н ТВ 
(Ow (ig (Cmm д 

2. Draw the skeleton of the molecule following the rules of valence: Н can 


form one covalent bond: О can form two: and С can form four 


H H 
HOH HCCH 
H H 
3. Distribute the valence electrons in such a way that each H has two 


electrons and each other atom has an octet. 


н:ӧ:н  H:Č:Č:H 
H H 


Write the Lewis formula for C,H, and two Lewis formulas for C,H,O. 


Solution: 


STUDY PROBLEM 


Each of the following structures contains a double or triple bond. Give the Lewis 
formulas. 


(a) СОЛО (by "CsCl „у C,H,Br (d) СНЕ 


B. Formal charge 


In some structures, the rules of valence do not seem to be followed. One such 
case occurs when one atom in a molecule provides both electrons for a covalent 
bond. 
Ter 
H :Ó ANNUO < bothe from № 
nitric acid, HNO, 


If one atom provides both electrons for a covalent bond, the bond is called a 
coordinate covalent bond. In such a case, some atoms within the covalent structure 
carry a positive or negative charge called a formal charge. In the coordinate 
covalent bond, the donating atom has a formal charge of +1, and the accepting 
atom has a formal charge of — 1. Since both charges are found within the same 
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structure, the opposite charges cancel, and the molecule as a whole may have no 
net ionic charge. (If the charges do not cancel, the structure represents an ion with a 
net ionic charge.) 


eI ТУ Q has formal charge of —1 


D 
H a CU E N has formal charge of + 1 


The formal charge for an atom may be calculated by the following equation: 


formal charge = (number of valence e` in a neutral atom) 
—1 (number of shared e^) — (number of unshared valence e`) 


Example | Using the formula, we can calculate the formal charges on М and each О 
in HNO,. (Н does not carry a formal charge in covalent molecules.) 


:О: 
н:б О; 


no. of valencee for N = 5 
по. of shared е for М) = 4 
no. of unshared е for N= 0 


formal charge for N25—4—0-2 +1 


For each О, the same technique is used. 


, ©: 4— formal charge. 
җе: 6—1-62-1 
p. formal charge 


6—2 4 = (0 


formal charge 


6-2 —4= 0 Z1 


Some other examples of calculation of formal charge follow: 


ao = 
:О: 

:0:5:0: forS: 6—4—02 +2 
:0: їогеасһО: 6—1 —6 — —1 


(Because the formal charges do not cancel, 
the formula represents an ion: 50,72.) 


НО forC: 4—4—0=0 
H:C:N::O; [ст Кы Ss =2=0 
H forO: 6-2-4=0 


STUDY PROBLEMS 


1.2. Calculate the formal charges on С and N in the following formulas, and 
determine whether each represents a neutral molecule or an ion. 


(a) H:C:N:H (b) H:C:N:H 
H HH 


1.3. — Calculate the formal charge on each atom in the following structures: 
(а) H:0:N::O; (b H:C:NN; (c) Н:С:О:5:О:Н 
Jat О: 
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SECTION 1.5. 


Chemical Formulas in Organic Chemistry 


Lewis formulas are useful for keeping track of bonding electrons, but organic 
chemists rarely use true Lewis formulas. Let us consider the types of chemical 
formulas that are more frequently encountered. 

An empirical formula tells us the types of atoms and their numerical ratio in a 
molecule. For example, a molecule of ethane contains carbon and hydrogen atoms 
in a ratio of | to 3; the empirical formula is CH,. A molecular formula tells us the 
actual number of atoms in a molecule, not simply the ratio. The molecular formula 
for ethane is C,H,. A structural formula shows the structure of a molecule— that is, 
the order of attachment of the atoms. In order to explain or predict chemical 
reactivity, we need to know the structure of a molecule; therefore, structural 
formulas are the most useful of the different types of formulas. 


M 
CH, CHE Ый к=] < 
HTH 
empirical formula molecular formula structural formula 
for ethane for ethane for ethane 


A. Structural formulas 


Lewis formulas are one type of structural formula. However, chemists usually 
represent a covalent structure by using a dash for each shared pair of electrons, 
and rarely show unshared pairs of valence electrons. Formulas with dashes for 
bonds are called valence-bond formulas. In this text, we will also refer to them as 
complete structural formulas. 


H:H becomes H—H 


:Cl:Cl: becomes CI—CI 


H 
H | 
H:C:H becomes H—C—H 
H | 
H 
| NEN. a 7 
SCC. — becomes с=с 
H’ H "A S 
H H 


Although unshared pairs of electrons are not usually shown in valence-bond 
formulas, we will sometimes show these electrons when we want to emphasize their 
role in a chemical reaction. 


All represent the same molecule: 
— unshared pair of e 
H:N:H or H—N—H ог  H—N—H 
H | | 
H H 
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SAMPLE PROBLEM 


Write the valence-bond formula for each of the following Lewis formulas 


HH HH. d 
H:C:O:C:H H:C:C:O:H H:C:H 
H A HH 
Solution. H H H H О 
еси с O H он 
H H H H 


B. Condensed structural formulas 


Complete structural formulas are frequently condensed to shorter, more con- 
venient formulas. In condensed structural formulas, bonds are not always shown, 
and atoms of the same type bonded to one other atom are grouped together. The 
structure of a molecule is still evident from a condensed structural formula as long 
as the rules of valence are taken into consideration. 


ibl Jal 


| | 
CH;CH, is the condensed structural formula for so a ed 
H H 


ii 
CH,;CH,OH is the condensed structural formula for у = 
H H 


SAMPLE PROBLEM 


Write (а) the complete structural formula (showing all bonds as dashes), and 
(b) the condensed structural formula. for each of the following Lewis formulas: 


НН ннн 
OC: СС GH 
HH H СН 
Solution H H Н НЕН 
и чс с H—C—C—C—H 
H H H CI H 
(b) CH,CH,CI CH,CHCICH, 


Structural formulas may be condensed even further if a molecule has two or 
more identical groups of atoms. In these cases, are used to parentheses enclose a 
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repetitive group of atoms. The subscript following the second parenthesis indicates 
the number of times the entire group is found at that position in the molecule. 


GH; 
(CHj),CHOH is the same as dg. Lo 
н 
CH; 
(CH4),CCl is the same as -— = 
бн, 
CH,;(CH,);CH, isthesameas CH,CH,CH,CH;CH, 


For the sake or clarity, double or triple bonds are usually shown in a con- 
densed structural formula. 


H H 
CH;CH-CH; isth ^c H 
== t 
z 2 isthe same as 7 x » 
po 
H H 


Gi, C=CHes 15 thesameas H C C=C H 


i BE 
CH,CCH,CH; is the same as HE X MC 


STUDY PROBLEM 


1.4. For each of the following formulas, write a more condensed formula: 
T H, n 1 "a 
(a) CH;,CHCH,Cl (b СН,СНСІ (c) CH;CH;CH.CH;CHCH;Cl 


CH, CH, 
с ЖИ = ч 
£n pe=c (е) N=C—CH,—C=N 


C. Cyclic compounds and polygon formulas 


A compound such as СН,СН,СН,СН, is said to have its carbon atoms con- 
nected in a chain. Carbon atoms can be joined together in rings as well as in chains; 
a compound containing one or more rings is called a cyclic compound. 

Cyclic structures are usually represented by polygon formulas, which are 
another type of condensed structural formula. For example, a triangle is used to 


1.5. 


1.6. 
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represent а three-membered ring, while a hexagon is used for a six-membered 
ring. 


СН, ЕСН 
- or Hc Үн 

HGGH, 2 iN i BR m 
LEG ЕНБ 


In polvgon formulas, a corner represents a carbon atom along with its hydro- 
gens; the sides of the polygon represent the bonds joining the carbons. If an atom 
or group other than hydrogen is attached to a carbon of the ring, the number of 
hydrogens at that position is reduced accordingly. 


C—C bond 
в Cl C with no H's 
(>) CR = 
C with wo Hs ——” | c 
C with one H 


Rings can contain atoms other than carbon; these atoms and any hydrogens 
attached to them must be indicated in the polygon formula. Double bonds must 
also be indicated. 


H 2 C— CH 2 
7 \ 
HEC NH or NH 
T p 
H EC E CH 2 
= аи м 
и “н double bond within ring 
HG CH, or 
N / 
Н 2C же? CH 2 
H {C= CH 2 
j w \ ш, и: ( Mo double bond from a ring carbon 
2 RED 


STUDY PROBLEMS 


Draw complete structural formulas for the following structures, showing each C, 
each H, and each bond. 


Cl 
(a) = (b) C мн, © e 


CH; 


Draw polygon formulas for the following structures: 


8: H y С: 
ЖОП ге. „^^ ^ч" > 
HEC CH Hoc e CH Н.С СН 
m GENE NE | [п Шу ew! н 
ВЕС OH; HC. aux АОН» ЕС. „СН, 
Нн; Н, 
CH,—CHCH HC—— CH 
Wm re > eT il 
CH;—C(CH3); w Ee 
C 
H; 
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SECTION 1.6. 


Bond Lengths and Bond Angles 


We have discussed how chemists represent covalent compounds. Now let us con- 
sider some of the properties of covalent bonds. The distance that separates the 
nuclei of two covalently bonded atoms is called the bond length. Covalent bond 
lengths, which can be measured experimentally, range from 0.74 À to 2 À. 

If there are more than two atoms in a molecule, the bonds form an angle, 
called the bond angle. Bond angles vary from about 60? up to 180°. 
om bond lengths, 1.008 А 


Es 


H 
H~ bond angles, 107.3 


4— bond length. 0.96 А 
wy опа length 5 / 


bond angle, 104.5 


Most organic structures contain more than three atoms, and are three- 
dimensional rather than two-dimensional. The preceding structural formula for 
ammonia (NH) illustrates one technique for representing a three-dimensional 
structure. A line bond (—) represents a bond in the plane of the paper. The solid 
wedge (—) represents a bond coming out of the paper toward the viewer; the Н at 
the wide end of the solid wedge is in front of the paper. The broken wedge (чип) 
represents a bond pointing back into the paper; the Н at the small end of the broken 
wedge is behind the paper. 


in plane of paper S x N uo T back, away from viewer 
H 


forward, toward viewer 


SECTION 1.7. 


Bond Dissociation Energy 


When atoms bond together to form molecules, energy is liberated (usually as heat 
or light). Thus, for a molecule to be dissociated into its atoms, energy must be 
supplied. 

There are two ways a bond may dissociate. One way is by heterolytic cleavage 
(Greek hetero, `` different"), in which both bonding electrons are retained by one 
of the atoms. The result of heterolytic cleavage is a pair of ions. 


Heterolytic cleavage: 
ume tus 


HCG: —— Ht + 
НОСОВ <= eit on 


We use a curved arrow (CY) in these equations to show the direction in which 
the pair of bonding electrons moves during bond breakage. In the heterolytic 
cleavage of HCl or H,O, the bonding electrons are transferred to the more 
electronegative Cl or O. 
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The other process by which a bond may dissociate is homolytic cleavage 
(Greek homo, " same"). In this case, each atom involved in the covalent bond 
receives one electron from the original shared pair. Electrically neutral atoms or 
groups of atoms result. 


Homolytic cleavage: ACQ 


Note that the curved arrows in these equations have only half an arrowhead. 
This type of arrow (СУ), called a fishhook, is used to show the direction of shift of 
one electron, whereas the curved arrow with a complete head (œ) is used to show the 
direction of shift of a pair of electrons. 

Another new symbol is the single dot, as in Cl-. This dot stands for a lone, 
unshared, unpaired electron. Other outer electrons are ignored in this symbolism. 
The symbol Cl- really means :Cl-. An atom such as Н: or a group of atoms such 
as Н.С: that contains an unpaired electron is called a free radical. Free radicals 
are usually electrically neutral; therefore, there are no electrostatic attractions 
between free radicals, as there are between ions. Also, most free radicals are of 
high energy; consequently, they are unstable and very reactive. 

Homolytic cleavage is more useful than heterolytic cleavage in determining 
the energies required for bond dissociations because calculations are not compli- 
cated by ionic attractions between the products. From measurements of the com- 
ponents of dissociating gases at high temperatures, the change in enthalpy AH 
(change in heat content, or energy) has been calculated for a large number of bond 
dissociations. For the reaction CH, > СН, + H:, AH equals 104 kcal/mole. 
In other words, to cleave one hydrogen atom from each carbon atom in one mole 
of CH, requires 104 kcal. This value (104 kcal/mole) is the bond dissociation energy 
for the H4C—H bond. 

The bond dissociation energies for several types of bonds are listed in Table 
1.4. To break a more stable bond requires a higher energy input. For example, 
cleavage of HF to H- and Е: (135 kcal/mole) is difficult compared with cleavage 
of the O—O bond in hydrogen peroxide, HOOH (35 kcal/mole). 


НЕ: 
2 HO: 
more energy needed less energy needed 
HOOH 
HF 


Note in Table 1.4 that atoms joined by multiple bonds require more energy 
for dissociation than the same atoms joined by single bonds (СН=СН, 230 
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TABLE 1.4. Selected bond dissociation energies (in kcal/mole) 


Miscellaneous 


bonds C— H bonds C—X bonds” C— С bonds 
HS H 104 CH,—H 104 (SEE — ©1555 ебе 
N=N 226 ОЛЕ ы Шш 6% CHE GHE— CIIS CH;—CH, 163 
I ВЯ (CH;),CH—H 94.5 (CH;),CH—ClI 81 CHOH 1230 
CES Oben СИ СЕНТ (CH Стазе 
Вг— Вг 46 CH,=CH—H 108 CH,=CH—Cl 84 
[= 36 
НЕ 135 
H—CI 103 GH; B70 
H— Br 87 CH,CH,—Br 68 
HS 71 (CHj,CH-—Br 68 
HO—OH 35 (CH ISE Br 67 


а X refers to a halogen. 


kcal/mole, versus CH4—CH,, 88 kcal/mole). Also note that other parts of a 
molecule may affect the bond dissociation energy: 


JENS more difficult 


Н,С—Н + 104 kcal/mole Н.С: + Н: 


GON + 91 kcal/mole —**, (CH,),;C: + Н: 


Bond dissociation energies allow a chemist to calculate relative stabilities 
of compounds and to predict (to an extent) the courses of chemical reactions. For 
example, one reaction we will discuss later in this text is the chlorination of 
methane, CH3: 


Will this reaction be exothermic (energy-releasing) or endothermic (energy- 
absorbing)? We may break down the reaction into its component parts and calcu- 
late from the individual bond dissociation energies whether energy will be liberated 
or required. The greater the amount of energy liberated, the more favorable is the 
reaction. (Note that in these equations, + AH indicates energy put into a reaction, 
while — АН indicates energy that is liberated.) 


AH 
CI—CI + 58 kcal/mole —— СІ: + CI: + 58 kcal mole 
H,C—H + 104kcal/mole ———› H,C- + Н: +104 kcal mole 
HC- + Cl ЕСЕЈЕ 83.5 kcal/mole — 83.5 kcal mole 
H: + Cle —— H-—CI + 103 kcal/mole — 103 kcal mole 
net reaction: 
Cl, CH, —— СН, + НСІ + 24.5 kcal/mole net АН = —24.5 kcal mole 


We calculate that this reaction should be exothermic. When we run this reac- 
tion in the laboratory, we find that it is indeed exothermic. 


1.7. 
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STUDY PROBLEM 


Using bond dissociation energies from Table 1.4. predict which of the following 
reactions liberates more energy: 


(a) (CH,),CH + Cl, 
(b) CH, + Cl, 


^ (CH,ACCI + НСІ 
СН,С1 + HCI 


SECTION 1.8. 


Polar Covalent Bonds 


Atoms with equal or nearly equal electronegativities form covalent bonds in which 
both atoms exert equal or nearly equal attractions for the bonding electrons. This 
type of covalent bond is called a nonpolar bond. In organic molecules, carbon- 
carbon bonds and carbon-hydrogen bonds are the most common types of non- 
polar bonds. 


Some compounds containing relatively nonpolar covalent bonds: 


1 reti Hume ра 
Hn мк исы H-C-C—H „с=с 
H н н Н H 


In covalent compounds like HO, HCl, CH3OH, or Н,С= О, one atom 
has a substantially greater electronegativity than the others. The more electro- 
negative atom has a greater attraction for the bonding electrons— not enough 
of an attraction for the atom to break off as an ion, but enough so that this atom 
takes the larger share of electron density. The result is a polar covalent bond, a bond 
with an uneven distribution of electron density. The degree of polarity of a bond 
depends partly on the difference in electronegativities of the two atoms bonded 
together and partly on other factors, such as the size of the atoms. We may think 
of chemical bonds as a continuum from nonpolar covalent bonds to ionic bonds. 
Within this continuum, we speak of the increasing ionic character of the bonds. 


H—H ЄН» O = eH, H-O H HG Ма С 


increasing ionic character of bonds 


The distribution of electrons in a polar molecule may be symbolized by 
partial charges: 6+ (partial positive) and ó — (partial negative). Another way of 
representing the different electron densities within a molecule is by a crossed 
arrow (—) that points from the partially positive end of a molecule to the partially 
negative end. 


5- в nu Zw 


ABN 
H—Cl or H—CI СН, СН, ог CH3 CH, T 
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STUDY PROBLEM 
1.8. | Using partial charges, indicate the polarity of the following compounds: 
i 
(a) СН,Вг (b CH,COH 
A. Bond moments 
If a polar bond, such as an O—H bond, is subjected to an electric field, the 
bond feels a certain amount of “turning force.” This force is simply the push of 
the electric field to align the bond in the field. A more polar bond feels more force 
than a less polar bond. The bond moment, a measure of the polarity of a bond, 
may be calculated from the value of the force felt by that bond. 
The bond moment is defined as e x d, where e is the charge (in electro- 
static units) and d is the distance between the charges (in A), and is reported in 
units called Debyes (D). Bond moments range from 0.4 D for the nonpolar C—H 
bond to 3.5 D for the highly polar C=N bond (see Table 1.5). The bond moment 
for a particular bond is relatively constant from compound to compound. 
TABLE 1.5. Bond moments for selected covalent bonds 
Bond* Bond moment. D Bond? Bond moment, D 
ЕС 0.4 @—©1 1.46 
H—N 1.31 G—Br 1.38 
H—O 1.51 CI 1.19 
GaN 0.22 C=O 2.3 
ESO 0.74 G=N 385 
©=5Е 1.41 
“In each case, the more positive atom is on the left. 
STUDY PROBLEMS 
1.9. | Which of the indicated bonds in each pair of compounds is more polar? 
(а) CH,—NH, or CH,—OH (b) CH,—OH or CH,O—H 
(с) СН;,—С1 ог GH. [OH 
1.10. Use a crossed arrow to show the approximate direction of the bond moment (if 


any) of the double or triple bond in each of the following structures: 


О 


| 
(а) CH;C=N (Бу єн сене вас) CHESGHL — (d ( yo 
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B. Dipole moments 


The dipole moment p is the rector sum of the bond moments in а molecule. 
Because vector addition takes into account the direction as well as the magnitude 
of the bond moments, the dipole moment is a measure of the polaritv of the mole- 
cule as a whole. 

The dipole moments for a few organic compounds are listed in Table 1.6. 
Note that the dipole moment of CCl, is zero, even though each С— СІ bond has а 
moment of 1.46 D. The reason for this apparent anomaly is that the CCl, molecule 
is symmetrical around its central atom; thus, the bond moments cancel and result 
in a vector sum of zero. Carbon dioxide is another molecule with bond moments 
but no dipole moment. Again, this is a case of a symmetrical molecule in which the 
bond moments cancel. On the other hand, the bond moments of a water molecule 
do not cancel, and water has a net dipole moment. From this observation, we can 
deduce that the water molecule is not symmetrical around the oxygen. Dipole 
moments can thus be used to help determine molecular geometry. 


E bond moments cancel 
CI ex N 


A v +o a 3x 


DA u=0 


TABLE 1.6. Dipole moments of selected compounds 


Compound Dipole moment, D Compound Dipole moment, D 
H.O 1.84 CHOCH; |5 

МН, 1.46 ? 

CH;Cl 1.86 CH,CH 27 

CCl, 0 О 

CO, 0 


ll 
CH,CCH, 28 


SECTION 1.9. 


Attractions Between Molecules 


A. )Dipole-dipole interactions 


Except in a highly dispersed gas. molecules attract and repel each other. These 
attractions and repulsions arise primarily from molecular dipole-dipole inter- 
actions. For example. in the liquid state, molecules of CH;I can either attract 
or repel each other, depending on the orientation of the molecules. Two СН; 
molecules are attracted to each other because of the attraction between the partially 
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negative iodine of one molecule and the partially positive carbon of the other 
molecule. 


H H H 
duy к Hi n ^ Ж p ^ 
H ““ у я H “9 7 H E» 
H (Had ( H 


— attractions 


When the iodine ends of two CHI molecules approach closely, the two mole- 
cules repel each other. 


H H 
Nar 6-\|fo- 2o 
ES ST ©, 
и 


Н 


x repulsion 


Nonpolar molecules are attracted to each other by weak dipole-dipole 
interactions called London forces. London forces arise from dipoles induced in 
one molecule by another. In this case, electrons of one molecule are weakly at- 
tracted to a nucleus of a second molecule; then the electrons of the second molecule 
are repelled by the electrons of the first. The result is an uneven distribution of 
electrons and an induced dipole. Figure 1.6 depicts how an induced dipole can 
arise when two molecules approach each other. 

The various dipole-dipole interactions (attractive and repulsive) are collec- 
tively called van der Waals forces. The distance between molecules has an im- 
portant effect on the strength of van der Waals forces. The distance at which 
attraction is greatest is called the van der Waals radius. If two atoms approach 
each other more closely than this distance, repulsions develop between the two 
nuclei and between the two sets of electrons. When the distance between two 
molecules becomes larger than the van der Waals radius, the attractive forces 
between the molecules decrease. 

Continuous-chain molecules, such as CH,CH,CH,CH;CH;, can align 
themselves in zigzag chains, enabling the atoms of different molecules to assume 
positions that match the van der Waals radii. Maximal van der Waals attractions 
can develop between such long-chain molecules. Branched molecules cannot 
approach one another closely enough for all the atoms to assume optimal van der 
Waals distances. Because more energy is necessary to overcome van der Waals 
attractions and to free molecules from the liquid state, continuous-chain com- 


— _ — —> + — + 2 


the electrons are attracted toward 
the other nucleus induced dipoles 


FIGURE 1.6. Nonpolar molecules can induce dipoles in each other. 
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pounds have higher boiling points than branched compounds of the same molec- 
ular weight and otherwise similar structures. 


CH, 
сн, ссн, 
CH, CH; CH; 
сй, “снн сн, no 
oH „Ен. CH,—C—CH, 
CH; CH; CH, CH, 
bp 36 bp 9.5° 


B. Hydrogen bonding 


An especially strong tvpe of dipole-dipole interaction occurs between molecules 
containing a hydrogen atom bonded to nitrogen, oxygen, or fluorine. Each of these 
latter elements is electronegative and has unshared valence electrons. Some typical 
compounds that contain an NH, OH, or FH bond are: 


ign S Ж. Se H—F: 
H H H H 


In the liquid state, the molecules of any one of these compounds have strong 
attractions for one another. A partially positive hydrogen atom of one molecule 
is attracted to the unshared pair of electrons of the electronegative atom of another 
molecule. This attraction is called a hydrogen bond. 


H CH; 
-3 ô- | 2A ô+ | 
a eae Jg uas (ov 
H S H 


D hydrogen bonds 


Compounds or groups containing only carbon and hydrogen cannot 
undergo hydrogen bonding. As an example, consider methane, CH4. Methane 
cannot undergo hydrogen bonding for two reasons: 


1. Because the CH bond is relatively nonpolar, а СН, molecule does not 
have a partially positive H. 


2. Тһе carbon atom in CH, has no unshared electrons to attract a hydrogen 
atom. 


The dissociation energy of a hydrogen bond is only 5-10 kcal/mole, much 
lower than the bond dissociation energy of a typical covalent bond (80-100 
kcal mole) but substantially stronger than most dipole-dipole attractions. The 
reason for this difference is the size of the atoms involved. A hydrogen atom is small 
compared to other atoms and can occupy a position very close to the unshared 
electrons of an electronegative atom. A strong electrostatic attraction results. 
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Atoms larger than hydrogen cannot occupy positions so near to each other; 
consequently, dipole-dipole attractions between other atoms are weaker. 


О H H H 
7 М 02 SS é= TE 
H numos " “ус 1 xt 
E Hq” 
H H H 
———— ме —== 
closer farther apart 


SAMPLE PROBLEM 


Show the hydrogen bonding between two molecules of CH,CH;NH,. 


Solution: 
1. Look for one or more partially positive hydrogens. 
H 
| Еж these 
ее 
not these = 
Ze Look for an electronegative atom (N, O, or F) with unshared electrons. 
| 
CH,CH,— N == 
8: Draw two molecules with а hydrogen bond between one partially positive 
H and the N of the other molecule. 
| | 
NE RI AES H— Na CHICH 
H 
Hydrogen bonds are not all the same strength. An O— — — HO hydrogen 
bond is stronger than an N— — —HN hydrogen bond. Why is this true? Oxygen 


is more electronegative than nitrogen; therefore, the O—H group is more polar 
and has a more positive H. This more positive H is more strongly attracted by a 
negative center. 


1 | 
s = ЫГА ш 7 Чат ашса с 
H н \ 
A 
more positive H: less positive H: 
stronger hydrogen bond weaker hydrogen bond 


Hydrogen bonds may form between two different compounds, such as 
between CH4OH and H,O or between CH,NH, and H,O. In these cases, there 
is often more than one possibility for hydrogen bonding. The following structures 
show two types of hydrogen bonds between СН. МН} and H,O. (In a mixture of 
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these two compounds, hydrogen bonds can also form between two molecules of 
H,O and between two molecules of CH4NH,.) 


H H H H 
| | | | 
Gig N=- -H= O: Lara rr. E 
| А 58 
H | А 
more positive Н: less positire Н. 
stronger hydrogen bond weaker hydrogen bond 


Table 1.7 shows the amount of energy needed to break some different types 
of hydrogen bonds. Note that the OH — — — М hydrogen bond is the strongest 
of the group. Because nitrogen is less electronegative than oxygen, its electrons are 
more loosely held and more easily attracted by another atom. The combination 
of nitrogen's loose electrons and the more positive hydrogen of an OH group 
leads to a quite strong hydrogen bond. 


TABLE 1.7. Approximate dissociation energies of some hydrogen bonds 


Approximate 


Tvpe of dissociation energy 
hvdrogen bond (kcal mole) 
| 
ОНЫ = = -—N— 7 

| 
| 
mU ae OO 5 
| | 
mx H-N 3 
| 
| | 
ET EL So 2 


C. Effects of hydrogen bonding 


Hydrogen bonds are rather like glue between molecules. Although a single 
hydrogen bond by itself is weak, all the molecules taken together may form a great 
many hydrogen bonds. 

For all substances, boiling points increase with molecular weight because 
of increased van der Waals attractions. However, a hydrogen-bonded compound 
has a higher boiling point than would be predicted from molecular weight con- 
siderations alone. For a hydrogen-bonded liquid to be volatilized, additional 
energy must be supplied for breaking all the intermolecular hydrogen bonds. 

Ethanol (CH,CH,OH) and dimethyl ether (CH,OCH;) have the same 
molecular weight. However, ethanol has a much higher boiling point than does 
dimethyl ether—ethanol is a liquid at room temperature while dimethyl ether is a 
gas. The difference in boiling points between these two compounds can be directly 
attributed to the fact that ethanol molecules are joined by hydrogen bonds, while 
dimethyl ether molecules cannot form hydrogen bonds among themselves. Note 
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that hydrogen bonding affects the boiling point to a much greater extent than 
branching does. 


hydrogen bond no li to form 


1 a hydrogen bond 


CH, CHO “Heo: єн, 
Н CH,CH, :O—CH,; 
ethanol 2 
dimethyl ether, 


Solubility of covalent compounds in water is another property affected by 
hydrogen bonding. A compound that can form hydrogen bonds with water tends 
to be far more soluble in water than a compound that cannot. Sugars, such as 
glucose, contain many —OH groups and are quite soluble in water. Cyclohexane, 
however, cannot form hydrogen bonds and cannot break the existing hydrogen 
bonds in water; therefore, cyclohexane is water-insoluble. 


CH;OH 
O 
H Н ОН 
OH H 
HO H 
H OH 
glucose cyclohexane 
soluble in water insoluble in water 


STUDY PROBLEM 
Show all the types of hydrogen bonds (if any) that would be found in: 


(a) liquid CH,CH,CH,NH, (b) a solution of CHOH in H;O 
(c) liquid CH,CH;OCH,;CH,; (d) a solution of CH,OCH; in H,O 


SECTION 1.10. 


Acids and Bases 


According to the Brgnsted- Lowry concept of acids and bases, an acid is a substance 
that can donate a positively charged hydrogen ion, or proton (H *). Two examples 
of Bronsted-Lowry acids аге НСІ and HNO,. A base is defined as a substance 
that can accept Н * ; examples are OH ^ and МН.. (A typical source of hydroxide 
ions is Ма’ ОН`.) Although we speak of "proton donors" and “proton 
acceptors,” curved arrows are used in organic chemistry to indicate the actions of 
electrons, not protons. Therefore, in the following equation, a curved arrow is 
drawn from the unshared electrons of the base to the proton that it is accepting. 


HO: F “HLÜ: ——— нб—н+:б:- 


a base an acid 
(H* acceptor) | (H^ donor) 
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Recall from your general chemistry course that a strong acid is an acid that 
undergoes essentially complete ionization in water. Representative strong acids 
are HCl. HNO,, and H,SO,. The ionization of these strong acids is a typical 
acid-base reaction. The acid (HCl. for example) donates a proton to the base 
(Н.О). The equilibrium lies far toward the right (complete ionization of НСІ) 
because H,O is a stronger base than СІ and НСІ is a stronger acid than Н.О*. 

H 
X UN ES | 
sf жт " xd 
у= + НС: пота ОВО 
stronger base stronger acid 


than СГ than НО” 


A weak acid, by contrast, is only partially ionized in water. Carbonic acid is a 
typical inorganic weak acid. The equilibrium lies to the left because НО * is the 
stronger acid and НСО, is the stronger base. 


О n О 
ho К.Л = | 
H—0O—H == H—OGOH e—— 0028 4E осон 
carbonic acid bicarbonate ion 
sironger acid stronger base 
than H,CO, than H,O 


Also. recall that bases are classified as strong (such as ОН”) or weak (NH), 
depending on their affinity for protons. 


Lu ч 


aoe = _ OD 
:NH, +н—О—Н => NH, T :OH 
ammonia ammonium ion hydroxide ion 
a weak base stronger acid stronger base 
than H,O than NH, 


Let us now consider some organic compounds that act as acids and bases. 
Amines are a class of organic compounds structurally similar to ammonia; an 
amine contains a nitrogen atom that is covalently bonded to one or more carbon 
atoms and that has an unshared pair of electrons. 


Some common amines: 


pea CH,—N—H єн,—Х—Сн, 
| | 
H СН, СН, 


Amines, like ammonia, are weak bases and undergo reversible reactions with 
water or other weak acids. (The use of a strong acid drives the reaction to com- 
pletion.) 


VIDE - og 
CH;NH, + H—OH =>  CH,NH, + :ОН- 

C " - 
CH;NH, + НС: ———5 CH;NH; +: 


An organic compound containing a carboxyl group (—CO,H) is a weak 
acid. Compounds that contain carboxy! groups are called carboxylic acids. 
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Acetic acid, CH,CO;H, is an example. One of the reasons for the acidity of car- 
boxylic acids is the polarity of the O—H bond. (Another reason for this acidity 
will be discussed in Section 2.9.) 


The carboxyl group: 
{oF 2 
——C-—0-—H usually written | — COH, —COOH, or — COH 


In the presence of a base, H* is removed from the carboxyl group and the 
carboxylate anion is formed. Because carboxylic acids are only weakly acidic, 
these reactions do not proceed to completion unless a stronger base than water 
is used, as the reaction arrows in the following equations indicate. 

О H 
M у @ ү ( o | 
CH,C—Q-—H + H—Ü—H += CH,C—Ö: + H—Q-H 


acetic acid acetate ion 
a carboxylic acid a carboxylate ion 
ЧОР JOR 


CH,C—O—H + МН, —— (LIS e + NH, 
©: 
CH;C—O0-Hi-- ОН ВЕСНЕ КОЕ ИИО 


STUDY PROBLEMS 
Which of the following compounds or ions act as acids and which act as bases 
in H,O? 

О 


|| 
(а) "NH, (ру CH,CH,CH,COH (е) ~OCH,CH; 


H 
( а ( NH 
(4) Na (e) 
H 


Rewrite and complete the following equations for acid-base reactions. Include 
in your answer (1) electron dots, and (2) reaction arrows that show the direction 
of the equilibrium. (If the reaction proceeds essentially to completion, use a 
single arrow.) 


(c) (СНУ„МН + H,O (d ( NH + CH,CO;H 


A.  Acidity Constants 


A chemical reaction has an equilibrium constant K that reflects how far the reaction 
proceeds toward completion. For the ionization of an acid in water, this con- 


— eee 
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stant is called an acidity constant K,. An equilibrium constant is determined by 
the following general equation, with concentration values given in molarity, М: 


concentrations of products in М 


concentrations of reactants in М 


For acetic acid: CH;CO,H 


GH.GO, ^ + H“ 
к = Г[СН:СО: JH T 
[CH,CO,H] 


where [H7] = molar concentration of H^ 
[CH;CO; ] = molar concentration of CH,CO. ^ 
[CH;CO,H] = molar concentration of CH;CO;H 


The more ionized an acid is, the larger is the value for K, because the values 
in the numerator are larger. A stronger acid has a larger K, value. Any acid witha 
K, > 10 is considered a strong acid. (For HCl. K, = 107.) By contrast. typical 
carboxylic acids, such as acetic acid, have K, values much smaller than 1. (For 
ӨМСӨ A= 4275 x 1077) 


[H"][anion] ——————— 45 numerator increases. 
K, increases 


- 


~ [un-ionized acid] 


Just as pH is the negative logarithm of hydrogen ion concentration, pK, is 
the negative logarithm of K,. We will use pK, values in this text for comparison of 
acid strengths. (The K, values and pK, values for some carboxvlic acids are listed 
in Table 1.8.) 


pH = -log[H ] 
pK, = —log К, 
Examples: И К, = 103. then pK, =3 
И К, = 10%. then рК„=—2 


* More correctly. the activity. or effective concentration, should be used. rather than 
molarity. Since activities of ions approach their molarities in dilute solution, 
molarity may be used for the sake of simplicity. In addition, the equilibrium 
expression should contain the hydrogen acceptor, water: 


GHQCO,H + H,O ———* gH,do, L ВО" 


»; [CH400, 4 8,0*] 
*' [CH;CO,H][H,0] 


For all practical purposes, the molar concentration of water remains fixed at 55.5. 
This constant factor is generally grouped with the equilibrium constant К„, and 
the [Н.О ] term is simplified to [H7]. Even though " naked" protons do not 
exist as such in solution. we will frequently use the symbol H^ instead of H4O* 
in this book to represent an aqueous acid. 


[CH;CO: J[H;07] [CH;CO: Н] 


К, = КДН.0] = = 
0E: [CH,CO,H] [CH,CO.H] 
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TABLE 1.8. Acidity constants and pk, values for some acids 


Formula Ке pK, 
strong: 
НС! — 107 > —7 
H,SO, e 105 ri —5 
moderately strong: 
Н,РО; 119 5078 2319 
weak: 
HCO,H iS Бию 3-75 
CH4CO;H #5 5x07 ? 4.75 
CH,CH,CO,H 184 xig? 4.87 
very weak: 
HCN 4.93 ~ 1071? 9.31 
H;O 2.00 x 10% 2° 115.7 


As К, gets larger (stronger acid), pK, gets smaller. The smaller the value for 
pK,, the stronger the acid. 
IK о 59 1075 lor? 10? 
рК: 10 5 1 —2 
increasing acid strength 


SAMPLE PROBLEM 
Calculate the pK, of an acid with K, equal to 136 x 107°. 


Solution: pK, = —log K, 

—log(136 x 1075) 
—log(1.36 x 10-3) 
— (log 1.36 — 3) 

— 3 — log 1.36 


эсш ше from log table or calculator 


= 2.87 


B.  Basicity constants 


The reversible reaction of a weak base with water, like the reaction of a weak 
acid with water, results in a small but constant concentration of ions at equilibrium. 
The basicity constant K, is the equilibrium constant for this reaction. As in the case 
of K,, the value for [H,O] is included in K, in the equilibrium expression. 


NH; AE H;O Mo —— NH bis ОН” 
[NH,'][OH ] 
| = cio Sici 

[NH;] 


pK, = —log K, 
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TABLE 1.9. Basicitv constants and pA, values for ammonia and some amines 


Formula К, рК, 


NH, 1.79 x 1075. 475 
CH,NH, 45 x 0075 3.34 
(CH,),NH 54 x 1075 327 
(CH,)3N 6.5 x 1075 4.19 


With an increase in base strength, the value for K, increases and the pK, 
value decreases. The smaller the value for pK,, the stronger the base. 


Ka EE 9  10-* С у 
рК: 10 7 $ 
increasing base strength 


STUDY PROBLEMS 


List the following compounds in order of increasing basicity (weakest first). See 
Table 1.9 for pK, values. 


(a) NH, (Ы) CH,NH, (о) (CH,),NH 


List the following anions in order of increasing basicity: 


(a) ешо рк, = -1.5 (b) CH4CO,-.pK, = 925 
ORe 21 


C. Conjugate acids and bases 


The concept of conjugate acids and bases is useful for comparisons of acidities 
and basicities. The conjugate base of an acid is the ion or molecule that results 
after the loss of H^ from the acid. For example, the chloride ion is the conjugate 
base of НСІ. The conjugate acid of a base is the protonated form of the base. Thus, 
the conjugate acid of NH, is МН. *. 

If an acid is strong, its conjugate base is a weak base: 


HCl ар [BO ———— KO + (C 
strong acid very weak base 
(loses H^ readily) (has little attraction for H *) 


On the other hand, if an acid 15 weak or very weak, its conjugate base is moderately 
strong or strong, depending on the affinity of the conjugate base for H *. 


i i 
СН.СОН + H,O <— CH;,CO- + Н,0* 
weak acid moderate base 
2H;0 ————— Н,О' + OH^ 


very weak acid strong base 
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Thus, as the acid strengths of a series of compounds increase, the base strengths of 
their conjugate bases decrease. 


H-O HCN  CH,COH HPO, HCI 
increasing acidity; decreasing basicity of conjugate base 


D. Lewis acids and bases 


Although many acid-base reactions involve the transfer of a proton from an 
acid to a base, some acid-base reactions do not involve proton transfer. For this 
reason, the more general Lewis concept of acids and bases was developed. A 
Lewis acid is a substance that can accept a pair of electrons. Any species with an 
electron-deficient atom can act as a Lewis acid; for example, Н? is a Lewis acid. 
Most Lewis acids other than Н? that we will encounter in this text are anhydrous 
metal salts (for example, ZnCl,, FeCl}, and AIBr,). 


FeBr, =e :Br> Br: ——— РОВ в Вг:* 
a Lewis acid 
(electron acceptor) 
A Lewis base is a substance that can donate a pair of electrons. Examples of 
Lewis bases аге МН, and ОН, each of which has an unshared pair of electrons. 
(Most Lewis bases are bases by the Bronsted—Lowry theory as well.) 


NH, + HCl: —  NH,* + Glee 
a Lewis base 
(electron donor) 


SAMPLE PROBLEM 
Methylamine (CH jNH;) undergoes a Lewis acid-base reaction with boron 
trifluoride (BF) to yield CH;NH,—BF,. (a) Write the equation for this 
reaction, showing the complete structural formula for the product and the 
formal charges on N and В. (b) Identify each reactant as a Lewis acid or 
Lewis base. 


Solution: 
H н F 
СИОН ВЕ Е НОВ 


Lewis base Lewis acid 


HET 


STUDY PROBLEM 
1.16. Identify the reactants in the following equations as Lewis acids or Lewis bases: 
“O° :OH 


| || 
(а) gH CCH, Нож CHICCH, 
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(p (СН»,С” + шы (Онай: 
О О 


il " | " 
(с) CH,COCH, + -:0СН, -:CH,COCH, + HOCH, 


Summary 


The probable location (relative to the nucleus) of an electron with a particular 
energy is called an atomic orbital. The first electron shell (closest to the nucleus, 
lowest energy) contains only the spherical 1s orbital. The second shell (higher 
energy) contains a spherical 2s orbital and three mutually perpendicular, two- 
lobed 2p orbitals. Any orbital can hold a maximum of two paired (opposite spin) 
electrons. 

The atomic radius equals half the distance between nuclei bonded by a non- 
polar covalent bond, such as in H—H. The atomic radius increases as we go down 
any group in the periodic table and decreases as we go from left to right across a 
period. Electronegativity is a measure of the pull of the nucleus on the outer 
electrons of the atom. It decreases as we go down any group and increases as we 
go from left to right in the periodic table. 

A chemical bond results from electron transfer (ionic bond) or electron sharing 
(covalent bond). The number of bonds an atom can form (the valence) is determined 
by the number of bonding electrons. Carbon has four bonding electrons and forms 
four covalent bonds. 

An empirical formula tells us the relative number of different atoms in a mole- 
cule, and the molecular formula tells us the actual number of different atoms in a 
covalent molecule. 


C;H; С.Ньо 
empirical molecular 
formula formula 


In structural formulas, which depict the structures of molecules, pairs of 
electrons may be represented by dots or by lines. Unshared valence electrons are 
not always shown in structural formulas. 


H 
H | 
H:C:N:H HG ONSE CH;NH; 
HH ld 
H H 
Lewis formula complete condensed 
structural formula structural formula 


An atom may share two, four, or six electrons with another atom—that is, 
two atoms may be joined by a single bond, a double bond, or a triple bond. 


single bond —— — H ai СЫ double bond 


triple bond < нс=с-с =CH, 
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A formal charge arises from a coordinate covalent bond. a bond in which both 
electrons are supplied by one atom. 
`О. 
+ 7 ` 
неч bath e from № 


pu 7 


The bond length is the distance between nuclei of covalently bonded atoms. 
The bond angle is the angle between two covalent bonds in a molecule. The bond 
dissociation energy (AH in the following equation) is the amount of energy needed 
to effect homolytic cleavage of a covalent bond. 


Тү 
Вы EL oS Н: АН = +104 kcal mole 


A polar covalent bond is a covalent bond between atoms with substantially 
different electronegativities. The bond moment is a measure of the polarity of the 
bond. The dipole moment is a measure of the polarity of the entire molecule. 

Dipole-dipole attractions between molecules (van der Waals attractions) 
are generally well under 5 kcal mole except for hydrogen bonds (attractions 
between a partially positive Н and an unshared pair of electrons of №. О, or F), 
which require 5-10 kcal/mole for their dissociation. Hydrogen bonding leads to 
an increase in boiling point and water solubility of a compound. 

A Brensted- Lowry acid is a substance that can donate H ; а Brensted- Lowry 
base is a substance that can accept H ^. The strength of an acid or a base is reported 
as K, (or pK,) or as K, (or pK,). respectively. A stronger acid has a larger value for 
К, (and a smaller pX,): a stronger base has a larger К, (and a smaller рк). (See 
Tables 1.8 and 1.9.) 


anion 
"d 
НА 
a= Е ХА] and рК, = —log К, 
[НАЈ 
.  [BH][OH ] р А 
K Em e and pK, = -log K, 
4 
N- base 


strong acids (pK, < — 1): HCl. HNO,. H.SO, 
weak acids: (pK, > 3): СН.СО.Н. HCN. H,O 
strong bases: OH. ОСН, 
weak bases: МН,. CH4NH; 
The conjugate base of a strong acid is a weak base, while the conjugate base 


of a very weak acid is a strong base. In the following equation, as HA decreases in 
acid strength, A ^ increases in base strength. 


[XN 


НТА — MEUM "c 


conjugate acid of А conjugate base of НА 
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A Lewis acid is a substance that can accept a pair of electrons, while a Lewis 
base is a substance that can donate a pair of electrons. 


H 
F | 
CHH, + ^н —— ЕО 


Lewis base Lewis acid 


STUDY PROBLEMS 


1.17. Without referring to the text, write the electron configuration (for example, 1s? 25!) for a 
free. nonbonded atom of: 


(a) carbon (atomic no. 6) (b) silicon (14) 
(c) phosphorus (15) (d) sulfur (16) 
1.18. What element corresponds with each of the following electron configurations? 
(a) “TS” 25° 2p? 3s! (b) 1s? 2s? 2p$ 3s? 3p? (СИБ 25° 27° 
1.19. From the electron configurations, which pairs of elements would you expect to exhibit 
similar chemical behavior? Why? 


(а) 125" and ds? 2s? 
(b) 152 25! and 152 252 2p® 352 3p® 4s! 
(б) 157 2 “ande "s? 252 2p? 3s! 


1.20. Ifan atom used two p atomic orbitals to form single covalent bonds with two hydrogen 
atoms, what would be the expected bond angle? 


1.21. "Which element in each of the following lists has the largest atomic radius? (Do not refer to 
the text, but make your prediction on the basis of relative locations in the periodic table 
inside the back cover of this book.) 


(а) SiC, O ВСЕ оН, ЕЮ 


1.22. Which element in each of the following lists is the most electronegative? (Refer to 
Figure 1.5.) 


(a) C.H,O (b) СН, N (с) С, Н. Mg (d) C, CLO 


1.23. Which of the following compounds would you expect to have (1) only ionic bonds; (2) only 
covalent bonds; or (3) both ionic and covalent bonds? 


(a CH,CO,Na (b) CH,I (c) LiOH (а) CH,ONa 
(e) CH,OH ( Mg(OH)Br (g) H,S (h) CHCI, 


1.24. Without referring to the text, list the valences for the elements in period 2. 
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1.25. 


1.26. 


1.27. 


1.28. 


1.29. 


1.30. 
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What is the expected maximum number of covalent bonds that an atom of any second- 
period element could form? Why? 


Give the Lewis formula for each of the following structures: 


H H H H H H H 
(a) pe и (b) ШИШ n mh, 
инин H H—C—H H 
н 
СІ О 


| й \ 

(с) CH,CHCH(CH;), (d) H,O, CMHC GH, 

Calculate the formal charges of all atoms except H in each of the following structures: 
d 

(a) IL ES (6) CH,—C=N: 


dor 
"E oi 
(©) CH,C—0:7 (а) CH;—S—CH, 


Give the complete structural formula (showing each atom and using lines for bonds) for each 
of the following condensed formulas: 


О 


| 
(а) (CH,,CHCHBrCH, (Ы) (CHj,CHCNHCH(CH,)CH—CH, 
(c) (CH,),C=C(CH;)C=CCH;, 


Write the condensed structural formula for each of the following structures: 


H ннн 
| ШШЕ ИНН 
(a) H—C—O—H (b) H—C—C-N (с) H:C:N:C:H 
| EE H H 
H H H H 


Write the molecular formula for each of the following condensed structural formulas: 


OH 


| 
(a) СН,СН,СН,СН,ОН (b) CH,CH CHCH, (c) (CH,)}COH 
(d) (CH,),CHCH,OH 


- Give the complete structural formula for each of the following compounds: 


(а) H,C=CHCH=CHCN (b) CH,COCH, 
(c) CH,CO,H (d) OHCCH,CHO 


(Hint: Each structure contains at least one double or triple bond that is not shown. Use 
rules of valence to find these.) 


1.32. 


1.33. 


1.34. 


1.36. 


1.37. 


1.38. 
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Show any unshared pairs of valence electrons (if any) in the following formulas: 


(à) CH,NH, (b) (CH,4N (c) (CH;);NH* — (d) CH,OH 
IQ сон 20). GH.—CH, (9 H,C—O 


Draw a polygon formula for each of the following cyclic structures: 


H. О 
Өл : 
« ШЫ I^ (0 Шы Сеп 
HIC AC | | 
Н. ое 
: Н 
l а нс=сн H 
© HN^ c^ V muc Come 
umm ae ue. Per 
/ 
22 LEE 
HN м Sy = Pu 


Convert each of the following polygon formulas to a complete structural formula, showing 
each atom and each bond. Show also any unshared pairs of valence electrons. 


Br 
(a) € 9 © Cox (d) Cre 
CH ү 


Draw the polygon and the structural formulas for a carbon ring system containing: 


3 


(a) six ring carbons and a double bond: 
(b) five ring carbons. one of which is part of a carbonyl group (С=О). 


The bond dissociation energy of the carbon-halogen bond of CH;F is 108 kcal/mole; for 
CH, Cl. it is 83.5 kcal mole; for СН,Вг, it is 70 kcal/mole; and for CH,I, it is 56 kcal/mole. 
Calculate the net AH for each of the following reactions: 


(a CH, + Е, —— CH,F + HF 
O COH С, ——— CHG Hel 
© СЫ, +B ——— CHBr + HBr 
(d) CH, +1, —— CH,I + HI 


Write chemical equations for (1) the homolytic cleavage, and (2) the heterolytic cleavage, of 
each of the following compounds at the indicated bond. (Apply your knowledge of 
electronegativities in the heterolytic cleavages.) 


(a) CH,CH,—Cl (b) H—OH (c) H—NH, 
(d) CH,—OH (е) CH,O—H 


Which is the positive end and which is the negative end of the dipole in each of the 
following bonds? 


(a) C—Mg (b C—Br (c) 1G —d49 
(4) &—Gl (е) GHI ү Ж еле 
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1.40. 


1.41. 


1.42. 


1.43. 


1.44. 


1.45. 
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Circle the most electronegative element in each of the following structures, and show the 
direction of polarization of its bond(s): 


| 
(b CH,CCH, 
(d) (CHj,NCH,CH,OH 


(а) CH,OH 
(c) FCH,CO,H 


Arrange each of the following series of compounds in order of increasing polarity (least 
polar first): 


(а) CH,CH,CH,NH,. CH,CH,CH, CH,CH,CH,OH 
(b) CH,CH,CH,Br CH,CH,CH,l, CH,CH;CH,CI 


Draw structures to show the hydrogen bonding (if any) you would expect in the following 
compounds in their pure liquid states: 


(a) (CH3) NH 
(d) (CHj)N (e) 


(b) CH;CH;OCH,; 
(CH3),C=O 


(c) CH,CH,F 
(f) CH,OCH,CH,OH 


Which of the following compounds would form hydrogen bonds with itself? With water? 


О CH; 
| | 
(a) CH;CH;CH;OH (b) CH,COH (с) СН,СНСН, 
GHEGH 
241; os 
(d) (CHj,CHOCH, (е) | NH @ CH,—CH, 
GHEGHE 


Show all types of hydrogen bonds in an aqueous solution of (CH); NH. Which is the 
strongest hydrogen bond? 


Complete the following equations for acid-base reactions: 


(аА (Ооо) SHO! 
(с) HO,CCO,H + excess ОН 
(c) СО. ТН’ == 
(СОНССОН ОН ОШ = 


i 
0  HOCOH.+ 2CH;O0 === 


—— 
Ss 


(БСН МНЕ HCl, === 
(d) ‹ МЕН” == 


(© CH,NH, + СН,СО,Н = 


—_ 


(h CH,NH, + СН.О- 


Calculate the pK, of each of the following compounds, and arrange in order of increasing 


acidity (weakest acid first): 


Structure K, 
(a) CH;CO;H 1.75 x 1075 
(b) ( \-on 19^ x07 


1.46. 


1.47. 


1.48. 


1.49. 


1.50. 
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(с) / N GH,GO.H — 5: x 10° 


(d) CH,CH,OH - 107 !* 
(е) CHCH, ~10 55 


Calculate the pA, of the following bases. and arrange in order of increasing base strength: 


Structure К, 

i 
(а) СН.СМН, м.за ТОТ 
(b) ( У, Ех °° 
(с) (СН».СМН, 6.8 x 10^* 


(d) morphine (page 763) i x 10-5 


Write the formulas Гог (a) the conjugate acid of (CH4); NH, and (Б) the conjugate base 
of CH,CH,CH,CO,H. 


From the pK, values for the conjugate acids in Table 1.8 (page 30), list the following anions 
in order of increasing base strength : 

(a) СН,СО," (b) HCO,” (ey) ily (d) HjPO,- 

If vou mix equal volumes of equimolar solutions of NaBr and LiCl, you will obtain the 


same solution as a similar mixture prepared from LiBr and NaCl. Why? Would this be true 
for solutions of CH4Cl + NaBr and CH,Br + NaCl? Why? 


Lead(IV) chloride. РЬСІ, , is a liquid at room temperature (mp — 15°), while lead(1I) 
chloride. РЪСІ, , is a high-melting solid (mp 501°). What do these properties suggest about 
the bonding in these two compounds? 


Assign the proper ionic charge to each of the following ions: 


(a) :С=М: (b :C=CH (ә CH,ÓH (d) CH,O: 
m 
(e) OH,—CHCH, (Ð (CHC (е) =: МН, (h) Сн,СӨ: 


None of the following compounds contains double bonds. Can you devise a condensed 
structural formula for each? More than one answer may be possible. (Remember the 
valences.) 


(а) TENHLE (b C,H,O (c) C4H0 
Assuming that each of the following compounds contains a double bond, write a condensed 
structural formula for each. (There may be more than one correct answer.) 


(d cda. MecHyo: a юню 


40 


1.54. 


1.55. 


1.56. 


1.57. 


1.58. 


1.59. 


1.60. 


1.61. 


1.62. 
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Using Table 1.4 (page 18), calculate the heats of reaction for: 


@ CH,CH, 4 Cl; —— Сена 
(b) СН.СН, ap Br, ате CH;CH,;Br + HBr 


Which reaction liberates more energy? 
Write an equation to show the heterolytic cleavage (at the most likely position) of each of 
the following molecules. (Remember to take electronegativities into consideration.) 


(a) (CH,),CHBr (b CH,CH,Li 
UR 
O C © 0 CH SCR 


BF; has a dipole moment of zero. Suggest a shape for the ВЕ, molecule. 


Arrange the following compounds according to increasing solubility in water, least soluble 
first: 


(а) CH;CO,H (b) СН.СН, (с) CH;CH,OCH,CH; 
Diethyl] ether, CH;CH,OCH,CH;, and l-butanol, CH;CH,CH,CH,OH, are equally 


soluble in water, but the boiling point of 1-butanol is 83° higher than that of diethyl ether. 
What explanation can you give for these observations? 


In the following reactions, which of the reactants is the Lewis acid and which is the Lewis 
base? 
(a) (CHj)CCI + AIC], ===> (CH3)C* + AlCl, 
(Б) (СН) Е СН GL == (GEH. CHIESE 
(c) Кене Но == (CHj), COR 
H 
Br 
4 n 
(d) CH=CH, + Вг, œ> CH,—CH, + Br 


Indicate the most likely position of attack by a Lewis acid on each of the following 
structures: 


Th 
(а) HN NH (b о (с) CH;OH (d) CH,CH,CI 


Like water, an alcohol can act as a weak acid or a weak base. Write equations for the 
reaction of methanol (CHOH) with (a) concentrated sulfuric acid. апа (b) sodamide 
(NaNH,), an extremely strong base. 


In Chapter 6, we will discuss the following reaction: 
СН + Mg ——— CH,Mgl 


(a) The product of this reaction (methylmagnesium iodide) is a much stronger base than 
even the hydroxide ion. Can you suggest a reason for this? 
(b) If water is added to CH;Mgl, a vigorous reaction ensues. Predict the products. 


СНАРТЕК 2 


Orbitals and Their Role 
in Covalent Bonding 


E Chapter 1, we took a brief look at atomic orbitals and at covalent bonding. In 
this chapter, we will discuss how covalent bonds are produced by the formation 
of molecular orbitals. Various approaches to molecular orbitals have been 
developed. The molecular orbital (MIO) theory provides mathematical descriptions 
of orbitals, their energies, and their interactions. The valence-shell electron-pair 
repulsion (VSEPR) theory is based on the premise that valence electrons or 
electron pairs of an atom repel each other. These repulsions can be used to explain 
observed bond angles and molecular geometry. [n the valence-bond theory, 
valence-bond formulas are used to describe covalent bonds and their interactions. 

Within their limitations, all of these theories are successful and are often in 
agreement. However, no single one of them is practical to use in all discussions of 
organic compounds and their reactions. For this reason, we will present some of the 
highlights of each theory without necessarily attempting to differentiate among 
them. You will find that a knowledge of molecular orbitals and molecular shapes is 
invaluable in a study of organic reactions—whether they occur in a flask in the 
laboratory or in the cells of an animal. 


SECTION 2.1. 


Properties of Waves 


Until 1923, chemists assumed that electrons were nothing more than negatively 
charged particles whirling about the atomic nuclei. In 1923, Louis de Broglie, 
a French graduate student, proposed the revolutionary idea that electrons have 
properties of waves as well as properties of particles. De Broglie's proposal met 
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with skepticism at first, but his idea was the seed that grew into today's quantum- 
mechanical concept of electron motion and the molecular orbital theory. 

Quantum mechanics is a mathematical subject. For our understanding of 
covalent bonds, we need only the results of quantum-mechanical studies, rather 
than the mathematical equations themselves. With this in mind, let us survey some 
of the basic concepts of wave motion as they pertain to the current theories of co- 
valent bonds. 

We will begin with some simple standing waves (Figure 2.1), the type of wave 
that results when you pluck a string, like a guitar string, that is fixed at both ends. 
This type of wave exhibits motion in only one dimension. By contrast, the standing 
waves caused by beating the head of a drum are two-dimensional, and the wave 
system of an electron is three-dimensional. The height of a standing wave is its 
amplitude, which may be up (positive value) or down (negative value) in relation to 
the resting position of the string. (Note that the + or — sign of amplitude is a 
mathematical sign, not an electrical charge.) A position on the wave at which the 
amplitude is zero is called a node, and corresponds to a position on the guitar string 
that does not move as the string vibrates. 

Two standing waves can be either in phase or out of phase in reference to each 
other. Intermediate states in which waves are only partially in phase are also 
possible. We can illustrate these terms by two wave systems on two identical vi- 
brating strings. If the positive and negative amplitudes of the two waves correspond 
to each other, the two waves are in phase. If the mathematical signs of the ampli- 
tudes are opposite, the waves are out of phase (see Figure 2.2). 

If two in-phase waves on the same string overlap, they reinforce each other. 
The reinforcement is expressed by addition of the mathematical functions of the 
same sign describing the waves. Conversely, a pair of overlapping waves that are 


positive amplitude 


р чу ч 
таса 


negative amplitude 


FIGURE2.1. Some standing waves of a vibrating string with fixed ends (positive amplitudes 
shaded). 


in phase 


^ | + апа ог and 
Amplitude 0 0 
| 


out of phase 


^ and Or and 
Amplitude 0 0 
| 


FIGURE 2.2. Two standing waves may be either in phase or out of phase. 
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complete partial 
гато 
interference: — —--——— — 
complete partial 


FIGURE 2.3. Reinforcement and interference of waves. 


out of phase interfere with each other. The process of interference is represented 
by addition of two mathematical functions of opposite sign. Complete interference 
results in the cancelling of one wave by another. Partial overlap of two out-of- 
phase waves gives rise to a node. Figure 2.3 illustrates reinforcement and inter- 
ference. 

Although a three-dimensional electron wave system is more complicated 
than a one-dimensional string system, the principles are similar. Each atomic 
orbital of an atom behaves as a wave function and may have a positive or negative 
amplitude. If the orbital has both positive and negative amplitudes, it has a node. 
Figure 2.4 depicts the 15, 2s. and 2p orbitals, including their signs of amplitude 
and their nodes. 

One atomic orbital can overlap an atomic orbital of another atom. (Mathe- 
matically, the wave functions describing each overlapping orbital are added 
together. These calculations are referred to as the linear combination of atomic 
orbitals. or LCAO, theory.) When the overlapping orbitals are in phase, the result 
is reinforcement and a bonding molecular orbital. On the other hand, interaction 
between atomic orbitals that are out of phase results in interference, creating a 
node between the two nuclei. Interference leads to an antibonding molecular orbital. 
We will expand upon these definitions of bonding and antibonding orbitals in 
Section 2.2B. 


+ and — are mathematical signs, 
node not electrical charges 


* 
> 
a 
а 
[n 


15 25 2p 


FIGURE 2.4. The 15, 25, and 2p orbitals with their signs of amplitude. 
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SECTION 2.2. 


Bonding in Hydrogen 


Hydrogen (H;) is the simplest molecule. We will look at the covalent bond of H, 
in some detail because many features of this bond are similar to those of more- 
complex covalent bonds. 

Let us consider two isolated hydrogen atoms, each with one electron in a 
1з atomic orbital. As these two atoms begin bond formation, the electron of each 
atom becomes attracted by the nucleus of the other atom, as well as by its own 
nucleus. When the nuclei are at a certain distance from each other (the bond 
length, 0.74 À for H;), the atomic orbitals merge, or overlap, to reinforce each 
other and form a bonding molecular orbital. This molecular orbital encompasses 
both hydrogen nuclei and contains two paired electrons (one from each H). 
Both electrons are now equally attracted to both nuclei. Because a large portion 
of the negatively charged electron density of this new orbital is located between the 
two positively charged nuclei, repulsions between the nuclei are minimized. This 
molecular orbital results in the covalent bond between the two hydrogen atoms in 
Н,» (see Figure 2.5). 


A. The sigma bond 


The molecular orbital that bonds two hydrogen atoms together 1s cylindrically 
symmetrical —that is, symmetrical about a line, or axis, joining the two nuclei. 
Think of the axis as an axle, and rotate the orbital around this axis. If the appear- 
ance of the orbital is not changed by the rotation, the orbital is symmetrical 
around that axis (see Figure 2.6). 

Any molecular orbital that is symmetrical about the axis connecting the 
nuclei is called a sigma (6) molecular orbital; the bond is a sigma bond. The bond 
in Н, is only one of many sigma bonds we will encounter. (We will also encounter 
molecular orbitals that are not sigma orbitals—that is, orbitals that are not sym- 
metrical about their nuclear axes.) 


B. The bonding orbital and the antibonding orbital 


When a pair of waves overlap, they either reinforce each other or interfere with 
each other. Addition of two in-phase 1s atomic orbitals of two H atoms results in 


atomic Is orbitals molecular orbital 
of the same phase, r with two e^ of 
each with one e^ фә spin 


ә @-@a- 


FIGURE 2.5. The formation of the bonding molecular orbital in Н, from in-phase 15 
orbitals. 
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FIGURE 2.6. The sigma bond of hydrogen is * 
symmetrical about the axis joining the two 
nuclei. 


axis 


reinforcement and produces the c bonding molecular orbital with a high electron 
density between the bonded nuclei. 

If two waves are out of phase, they interfere with each other. Interference 
of two out-of-phase atomic orbitals of two hydrogen atoms gives a molecular 
orbital with a node between the nuclei. In this molecular orbital, the probability 
of finding an electron between the nuclei is very /ow. Therefore, this particular 
molecular orbital gives rise to a system where the two nuclei are not shielded by the 
pair of electrons. and the nuclei repel each other. Because of the nuclear repulsion, 
this system is of higher energy than the system of two independent H atoms. This 
higher-energy orbital is the antibonding orbital, in this case, a “sigma star," or o*, 
orbital (the * meaning " antibonding "). Figure 2.7 compares the shapes of the c 
and o* orbitals for Н,. 

The energy of the Н, molecule with two electrons in the с bonding orbital is 
lower by 104 kcal/mole than the combined energy of two separate hydrogen atoms. 
The energy of the hydrogen molecule with electrons in the o* antibonding orbital, 
on the other hand, is higher than that of two separate hydrogen atoms. These 


low e~ density 


ГА 
— OQ 


o* orbital 
(antibonding) 


Potential out of phase 
energy, E 


high e^ density 


in phase 


0 Orbital 
(bonding) 


FIGURE 2.7. Reinforcement and interference of two 1s orbitals. (The + and — refer to 
phases of the wave functions, not electrical charges.) 
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relative energies may be represented by the following diagram: 


~ antibonding orbital of И, 


potential cu pes atomic orbitals of 1H and И 
energy, E ls ls 


ЕЕЕ bonding orbital of H 


A molecular orbital, like an atomic orbital, can hold no electrons, one elec- 
tron, or two paired electrons. The two electrons in a hydrogen molecule go into 
the lowest-energy orbital available, the с bonding orbital. In the following dia- 
gram, we use a pair of arrows (one pointing up and one pointing down) to represent 
a pair of electrons of opposite spin. 


D с* ` 
Е — Ó rece 
lige “Is 

[р г 


< мое inorbital 
of lowest energy 


We said in Chapter 1 that electrons in different atomic orbitals differ in 
energy because of the various distances of these electrons from the nucleus. The 
higher energy of a molecule with electrons in an antibonding orbital (compared 
to the energy of the molecule with electrons in a bonding orbital) does not arise 
from the electrons being farther from the nuclei. Instead, the higher energy arises 
from the presence of the node between the nuclei. 

For the hydrogen molecule, the с and o* orbitals are in the same general 
region of space. Although two particles of matter cannot occupy the same space 
at the same time, two orbitals may. Remember, orbitals are not matter, but are 
simply regions of space where the probability of finding an electron with a par- 
ticular energy 15 high. 

All bonding molecular orbitals have antibonding orbitals associated with 
them. In each case, a molecule with electrons in a bonding molecular orbital 
has a lower energy than the energy of the nonbonded atoms, and a molecule with 
electrons in an antibonding orbital has a higher energy than that of the nonbonded 
atoms. Because the antibonding orbitals are of high energy, the electrons are not 
generally found there. Almost all the chemistry in this text will deal with molecules 
in the ground state, the state in which the electrons are in the lowest-energy orbitals. 
However, we will encounter a few situations where energy absorbed by a molecule 
Is used to promote an electron from a low-energy orbital to a higher-energy orbital. 
A molecule is said to be in an excited state when one or more electrons are not in the 
orbital of lowest energy. 
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SECTION 2.3. 


Some General Features of Bonding and Antibonding Orbitals 


Let us summarize some general rules that apply to all molecular orbitals, not only 
the molecular orbitals of H3: 


1. Any orbital (molecular or atomic) can hold a maximum of two electrons, 
which must be of opposite spin. 


гә 


The number of molecular orbitals equals the number of atomic orbitals 
that went into their formation. (For H,, two 15 atomic orbitals yield two 
molecular orbitals: ¢ and o*.) 


3.  Inthe filling of molecular orbitals with electrons, the lowest-energy 
orbitals are filled first. If two orbitals are degenerate (of equal energies), 
each gets one electron before either is filled. 


SECTION 2.4. 
Hybrid Orbitals of Carbon 


When a hydrogen atom becomes part of a molecule, it uses its 1s atomic 
orbital for bonding. The situation with the carbon atom is somewhat different. 
Carbon has two electrons in the 15 orbital; consequently, the 15 orbital is a filled 
orbital that is not used for bonding. The four electrons at the second energy level 
of carbon are the bonding electrons. 

There are four atomic orbitals at the second energy level: one 25 and three 2p 
orbitals. However. carbon does not use these four orbitals in their pure states for 
bonding. Instead, carbon blends, or hybridizes, its four second-level atomic 
orbitals in one of three different ways for bonding: 


1. sp? hybridization, used when carbon forms four single bonds. 


sp? carbons —~ 
СТ mur 


IO. H ат. 
Н H H 


2. sp* hybridization, used when carbon forms a double bond. 


sp? carbons 


b TA 
C=C 
d BS 
H H 
3.  sphybridization, used when carbon forms a triple bond or cumulated double 


bonds (two double bonds to a single carbon atom). 
“їй. п `\ H 
> О т cub carbons N 2 
LL—C-—G-—H C=C=C 
2 D 
H H 
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Why does a carbon atom form compounds with hybrid orbitals rather than 
with unhybridized atomic orbitals? The answer is that hybridization gives stronger 
bonds because of greater overlap, and therefore results in more-stable, lower- 
energy molecules. As we discuss each type of hybridization, note that the shape 
of each hybrid orbital is favorable for maximum overlap with an orbital of another 
atom. Also note that the geomerries of the three types of hybrid orbitals allow 
attached groups to be as far from each other as possible, thus minimizing their 
repulsions for each other. 


A. sp? Hybridization 


In methane (СН), the carbon atom has four equivalent bonds to hydrogen. 
Each C—H bond has a bond length of 1.09 À and a bond dissociation energy 
of 104 kcal/mole. The bond angle between each C—H bond is 109.57. From this 
experimental evidence alone, it is evident that carbon does not form bonds by 
means of one s atomic orbital and three p atomic orbitals. If that were the case, the 
four C—H bonds would not all be equivalent. 

According to present-day theory, these four equivalent bonds arise from 
complete hybridization of the four atomic orbitals (one 2s orbital and three 2p 
orbitals) to yield four equivalent sp? orbitals. For this to be accomplished, one of 
the 2s electrons must be promoted to the empty 2p orbital. This promotion 
requires energy (about 96 kcal/mole), but this energy is more than regained by the 
concurrent formation of chemical bonds. The four sp? orbitals have equal energies 
—slightly higher than that of the 2s orbital, but slightly lower than that of the 2p 
orbitals. Each of the sp? orbitals contains one electron for bonding. 


Atomic orbitals of C 
(filled nonbonding 15 
orbital not shown): 


йч 
[| Orbitals used for bonding: 


2p 2m. m 2p 2p 2p 


А) = 
four sp? 


2s 2s 


e promoted 


The preceding diagram is called an orbital diagram. Each box in the diagram 
represents an orbital. The relative energies of the various orbitals are signified 
by the vertical positions of the boxes within the diagram. Electrons are represented 
by arrows, and the direction of electron spin is indicated by the direction of the 
arrow. 

The sp? orbital, which results from a blend of the 2s and 2p orbitals, is shaped 
rather like a bowling pin: it has a large lobe and a small lobe (of opposite amplitude) 
with a node at the nucleus. Figure 2.8 shows one isolated sp? orbital. The small 
end of the hybrid orbital is not used for bonding because overlap of the large end 
with another orbital gives more complete overlap and results in a stronger bond. 

Four sp?-hybrid orbitals surround the carbon nucleus. Because of repulsions 
between electrons in different orbitals, these sp? orbitals lie as far apart from each 
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the end used 
for bonding 


«ә 


C д... 
— 109.5° 
one sp? orbital four sp? orbitals a regular C with 
tetrahedron foursp? bonds 


FIGURE 2.8. The four sp?-hybrid orbitals of carbon point toward the corners of a regular 
tetrahedron. 


other as possible while still extending away from the same carbon nucleus— that 
is, the four orbitals point toward the corners of a regular tetrahedron (Figure 2.8). 
This geometry gives idealized bond angles of 109.5°. An sp? carbon atom is often 
referred to as a tetrahedral carbon atom because of the geometry of its bonds. 

When an sp? carbon atom forms bonds, it does so by overlapping each of its 
four sp? orbitals (each with one electron) with orbitals from four other atoms 
(each orbital in turn containing one electron). In methane (Figures 2.9 and 2.10), 
each sp? orbital of carbon overlaps with a 15 orbital of hydrogen. Each of the 
resultant sp?—s molecular orbitals is symmetrical around the axis passing through 
the nuclei of the carbon and the hydrogen. The covalent bonds between C and H 
in methane, like the H—H covalent bond, are sigma bonds. 


onee in each atomic two e` іп each 
or hybrid orbital molecular orbital 


FIGURE 2.9. Formation of C—H sigma bonds in methane, СН... (The small lobes of the 
sp? orbitals are not shown.) 


H H 
| 
СН. HSC H (gin H 
| с 
H H H 
condensed complete dimensional molecular 
structural formula structural formula formula model 


FIGURE 2.10. Some different ways of representing methane. 


50 


Chapter 2 Orbitals and Their Role in Covalent Bonding 


ethane 
FIGURE 2.11. Formation of the sp?-sp? sigma bond in ethane, CH,CH3. 


Hoy 
- н iF 
Ph с 
CHIC, H—C—C—H Gio № 
“\ H 
H H Нн 
condensed complete dimensional 
structural formula structural formula formula 
molecular 
model 


FIGURE 2.12. Some different ways of representing ethane. 


Ethane (СН.СН,) contains two sp? carbon atoms. These two carbon atoms 
form a C—C sigma bond by the overlap of one sp? orbital from each carbon 
(sp?—sp? sigma bond). Each carbon atom has three remaining sp? orbitals, and 
each of these overlaps with a 1s orbital of a hydrogen atom to form a C—H 
sigma bond. Each carbon atom in ethane is tetrahedral (see Figures 2.11 and 2.12). 


sp?-sp? sigma bond 


T 


| 
.- т" 
H H 


sp?-s sigma bond 


In any molecule, any carbon atom bonded to four other atoms is in the sp?- 
hybrid state, and the four bonds from that carbon are sigma bonds. When carbon 
is bonded to four other atoms, the sp? hybridization allows maximal overlap and 
places the four attached atoms at the maximum distances from each other. If 
possible, the sp? bond angles are 109.5°; however, other factors, such as dipole- 
dipole repulsions or the geometry of a cyclic compound, can cause deviations from 
this ideal bond angle. 


Examples of structures with sp? carbons (each C has four sigma bonds): 


H 

H H H H нс 
| | lie 14 РУ H 

H—C—H | H—C—C—H  H—C—O—H С C. 
ра | ша ш Buh. 

H H H H ну wis 


Hybrid Orbitals of Carbon Section 2.4. 51 


SAMPLE PROBLEM 


2:3. 


Give the complete structural formula (showing all atoms and bonds) for propane 
(CH,CH-CH,). Which types of orbitals overlap to form each bond? 


Solution cach C—H bond is sp?-s 


H H Н 


E РА 
H—CzC4C-H 


H \H \H 
pau LN e 


STUDY PROBLEM 


Write the complete structural formula for each of the following compounds. 
Which types of orbitals overlap to form each bond? 


(а) (CH,),CH (b) й | 


B. sp! Hybridization 


When carbon is bonded to another atom by a double bond, the carbon atom is in 
the sp*-hybrid state. 


Examples of compounds with sp? carbons: 


H H H 
SS 7 ES 
C=C C=O 
A ES A 
H H H 
ethylene formaldehyde 


To form sp? bonding orbitals, carbon hybridizes its 2s orbital with only two 
of its 2p orbitals. One p orbital remains unhybridized on the carbon atom. Because 
three atomic orbitals are used to form the sp? orbitals, three sp?-hybrid orbitals 
result. Each sp? orbital has a shape similar to that of an sp? orbital and contains 
one electron that can be used for bonding. 


ЕЕ [ed Ee] Er L1] 
"Hg MEL L 


2p 2p 2p 2p 
= — [ubi 
[РЁ | three sp? 
25 25 


The three sp? orbitals around а carbon nucleus lie as far apart from one 
another as possible—that is, the sp? orbitals lie in a plane with angles of 120* 
(ideally) between them. Án sp?-hybridized carbon atom is said to be a trigonal 
(triangular) carbon. Figure 2.13 shows a carbon atom with three sp? orbitals and 
the one unhybridized p orbital, which is perpendicular to the sp? plane. 
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p огы 


z 2 Е 4 
a trigonal carbon; three 5р- p orbital at a right angle 
orbitals in a plane with 120° to the plane 
angles between them 


FIGURE 2.13. Carbon in the sp?-hybrid state. 


In ethylene (CH;—CH;), two sp? carbons are joined by a sigma bond 
formed by the overlap of one sp? orbital from each carbon atom. (This sigma bond 
is one of the bonds of the double bond.) Each carbon atom still has two sp? 
orbitals left for bonding with hydrogen. (Each carbon atom also has a p orbital, 
which is not shown in the following structure.) 


Planar sigma-bond structure of ethylene (p orbitals not shown): 


ш. 121° T 
Cc Sue 
А SS 
H 


What ofthe remaining p orbital on each carbon? Each р orbital has two lobes, 
one above the plane of the sigma bonds and the other (of opposite amplitude) 
below the plane. Each p orbital contains one electron. If these p electrons become 
paired in a bonding molecular orbital, then the energy of the system is lowered. 
Since the p orbitals lie side by side in the ethylene molecule, the ends of the orbitals 
cannot overlap, as they do in sigma-bond formation. Rather, the two p orbitals 
overlap their sides (see Figure 2.14). The result of this side-to-side overlap is the 
pi (1) bond —a bonding molecular orbital joining the two carbons and located above 
and below the plane of the sigma bonds. The pi bond is the second bond of the 
double bond. 

Any carbon atom that is bonded to three other atoms is in the sp?-hybrid 
state. In stable compounds, the p orbital on the sp? carbon must overlap with a 


The т bond is a two-lobed molecular 
orbital containing one pair of e" and 
having a node at the site of the sigma 
bond. 


FIGURE 2.14. Formation of the 5=р2—5р2 sigma bond and the р-р pi bond in ethylene, 
СН.=СН.. (The + and – refer to phases of the wave functions, not electrical charges) 
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p orbital of an adjacent atom, which can be another carbon atom or an atom of some 
other element. 


H H H O 
ES 7a S 7 
с=с C—O НС 
ГА RM a ig 
H = H H OH 
plum хр? carbons —7 


C. Some features of the pi bond 


Each p orbital contributing to a pi bond has two lobes and has a node at the 
nucleus. It is not surprising that the pi orbital also is two-lobed and has a node. 
Unlike a sigma orbital, a pi orbital is not cylindrically symmetrical. However, just 
like any molecular orbital, a pi orbital can hold a maximum of two paired electrons. 

A 2p orbital of carbon is of slightly higher energy than an sp? orbital. For 
this reason, a pi bond, which is formed from two 2p orbitals, has slightly higher 
energy and is slightly less stable than an sp?—sp? sigma bond. The bond dissociation 
energy of the sigma bond of ethylene's carbon-carbon double bond is estimated to 
be 95 kcal mole, while that of the pi bond is estimated to be only 68 kcal/mole. 

The more-exposed pi electrons are more vulnerable to external effects than 
are electrons in sigma bonds. The pi bond is polarized more easily—we might 
say that the pi electrons are more mobile. The pi electrons are more easily promoted 
to a higher-energy (antibonding) orbital. Also, they are more readily attacked by 
an outside atom or molecule. What does this vulnerability mean in terms of the 
chemistry of pi-bonded compounds? Ina molecule, the pi bond is а site of chemical 
reactivity. 

Another property of the pi bond is that its geometry holds a portion of its 
molecule in a rigid shape. For the carbon atoms to rotate around their bonds, the 
pi bond must first be broken (see Figure 2.15). In chemical reactions, molecules 
may have sufficient energy (about 68 kcal/mole) for this bond to break. In a flask 
at room temperature, however, molecules do not have enough energy for this bond 
breakage to occur. (Approximately 20 kcal/mole is the maximum energy available 
to molecules at room temperature.) The significance of the rigidity of pi bonds 
will be discussed in Chapter 4. 


no overlap H 


FIGURE 2.15. The portion of a molecule surrounding a pi bond is held in a planar 
structure unless enough energy is supplied to break the pi bond. 
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In a structural formula, a double bond is indicated by two identical lines. 
Keep in mind that the double bond is not simply two identical bonds, but that the 
double line represents one strong sigma bond and one weak pi bond. 


n л 
н 
аи У 
С== C=O 
а Гк 
Нен г СЪ 


SAMPLE PROBLEM 


What type of overlap (5р? 5, for example) is present in each bond of 
CH,CH=CH,? What is each bond angle (approximately)? 


Solution: — sp?-s four 109 angles 
Lotes 
QM sp H 
о МИС 
СЛ Jon. " 
d PES HE Ў ERE 
H | H eui = 


six 120° angles 


STUDY PROBLEMS 


2.2. Give the complete structural formula for each of the following compounds. 
Indicate which types of orbitals are used to form each bond. 


(a) "CH, Gen), | E 6H; EHCH CONS TO CJ 


2.3. | For compound (b) in Problem 2.2, draw the structure showing the pi bonds with 
their correct geometry in reference to the sigma bonds. (Use lines to represent 
the sigma bonds.) 


D. The bonding and antibonding orbitals of ethylene 


The carbon-carbon sigma bond in ethylene results from overlap of two sp? 


orbitals. Because two sp? orbitals form this bond, two molecular orbitals result. 
The other molecular orbital, arising from interference between the two sp? 
orbitals, is the antibonding o* orbital. This antibonding orbital is similar to the 
o* orbital of hydrogen: it has a node between the two carbon nuclei and is of high 
energy. The two electrons of the C— C sigma bond in ethylene are usually found in 
the lower-energy o orbital. 
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In the pi bond joining the two carbons of ethylene, each carbon atom con- 
tributes one p orbital for a total of two p orbitals: therefore, two pi molecular 
orbitals result. One of these is the x bonding orbital that arises from the overlap 
of two in-phase p orbitals. The other orbital is the z* antibonding orbital, which 
arises from interference between two p orbitals of opposite phase. These two 
orbitals are frequently designated л, for the bonding orbital and л,* for the anti- 
bonding orbital. Some molecules contain several л orbitals, which we number in 
order of increasing energy; the subscript numbers are useful for differentiating 
the x orbitals. (We do not usually use subscript numbers for с orbitals because с* 
orbitals are usually of minor importance to the organic chemist.) 

Figure 2.16 shows the orbital representations of the л, and z,* orbitals of 
ethylene. Note that besides the node at the o-bond site, the л,* orbital has an 
additional node between the two carbon nuclei. A minimum of the pi electron den- 
sity 15 located between the nuclei in this orbital; thus, the z5* orbital is of higher 
energy than the л, orbital. In the ground state of ethylene, the pi electrons are 
found in the lower-energy л; orbital. 


node between nuclei 


т›* antibonding orbital 


out of phase 


H ЕУ) 


went 


in phase 


тү bonding orbital 


FIGURE 2.16. The z, bonding orbital and the z,* antibonding orbital of ethylene. 


The following diagram comparing energies of the c, o*, л,, and z,* orbitals 
shows that the c* orbital is of higher energy than the z,* orbital. The amount of 
energy required to promote an electron from the c orbital to the o* orbital is 
therefore greater than the energy required to promote a л electron to the z* 
orbital. 
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Ground state of C—C in ethylene: 


Why is more energy required to promote а с electron than a л electron? 
Sigma bonding electrons are found close to the nucleus and, for the most part, 
directly between the nuclei. Promotion of one of these sigma electrons results in 
severe nuclear repulsion. However, the л bonding electrons are farther from the 
nucleus. Promotion of one of these pi electrons does not result in such severe nuclear 
repulsions. (Also, when a pi electron is promoted, the nuclei are still shielded from 
each other by с bonding electrons.) 

Because of the large amount of energy required to promote a sigma electron, 
electron transitions of the с — o* type are rare and relatively unimportant to the 
organic chemist. However, л — л* electron transitions, which require less energy, 
are important. For example, л — z* transitions are responsible for vision, a topic 
that will be mentioned in Chapter 21, and for the energy capture needed for 
photosynthesis. 


Two possible excited states of C—C in ethylene: 


Gr | в* 
л›* n } 
в > c*, higher AE tl 1 | пу > n5*. lower AE 
Ry 7, 
| E 
6 == 


E. spHybridization 


When a carbon atom is joined to only two other atoms, as in acetylene 
(СН=СН), its hybridization state is sp. One 2s orbital blends with only one 2p 
orbital to form two sp-hybrid orbitals. In this case, two unhybridized 2p orbitals 
remain, each with one electron. 


mu шшш go 
p 2р <р 2pm 202 р 2р 
: — - ат POR cape pm 
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two sp 


2s 25 
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he send | p orbitals perpendicular to 
^ / each other and to the linear 
Sp orbitals 


the two sp orbitals are linear the two p orbitals 
FIGURE 2.17. Carbon in the sp-hybrid state 


H—C>C—H НС 7) н н = : 
siema bonds р orbitals two pi bonds 


FIGURE 2.18. Bonding in acetylene, CH=CH. 


The two sp orbitals lie as far apart as possible, in a straight line with an angle 
of 180° between them. The p orbitals are perpendicular to each other and to the 
line of the sp orbitals (see Figure 2.17). 

In CH=CH. the two carbon atoms are joined by an sp-sp sigma bond. Each 
carbon 1s also bonded to a hydrogen atom by an 5р—5 sigma bond. The two p 
orbitals of one carbon then overlap with the two p orbitals of the other carbon to 
form two pi bonds. One pi bond is above and below the line of the sigma bonds, as 
shown in Figure 2.18; the other pi bond is located in front and back. 

As you might guess. the chemical reactions of a compound containing a 
triple bond are not too different from those of a compound containing a double 
bond. Instead of one pi bond, there are two. 


one с bond, two pi bonds 


ААА 


a 


H—CZC—H CH,—C=C—H H—C=N 


STUDY PROBLEM 


2.4. What type of overlap is present in each carbon-carbon bond of CH, —-C=CH? 
What are the approximate bond angles around each carbon? 


F. Effects of hybridization on bond lengths 


A 2s orbital is of slightly lower energy than a 2p orbital. On the average, 2s 
electrons are found closer to the nucleus than 2p electrons. For this reason, a 
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hybrid orbital with a greater proportion of s character is of lower energy and is 
closer to the nucleus than a hybrid orbital with less s character. 

An sp-hybrid orbital is one-half s and one-half p; we may say that the sp 
orbital has 50%, s character and 50% p character. At the other extreme is the sp? 
Orbital, which has only one-fourth, or 25%, s character. 


hybridization of carbon percent s character 
CH=CH 5р 50 
CH,=CH, sp? 334 
CHCH, sp? 25 


Because the sp orbital contains more s character, it is closer to its nucleus; 
it forms shorter and stronger bonds than the sp? orbital. The sp? orbital is inter- 
mediate between sp and sp? in its s character and in the length and strength of the 
bonds it forms. 

Table 2.1 shows the differences in bond lengths among the three C—C 
and C—H bond types. Note that the sp-s CH bond in CH=CH is the shortest, 
while the sp?-s CH bond is the longest. We see an even wider variation in the 
C—C bonds because these bond lengths are affected by the number of bonds 
joining the carbon atoms as well as by the hybridization of the carbon atoms. 


STUDY PROBLEM 


For each of the following structures, list the numbered bonds in order of 
increasing bond length (shortest bond first): 


©. © 
Н 
(а) CH,—CH,CH=CH, (Ы) үзү е» (с) 


< 


Ө, 


ТАВІЕ 2.1. Effect of hybridization on bond length 


longest bonds from C shortest bonds from C 
\ 
\ 
ME % "d 
НЕ=С-—С==Н =с H-C=C-H 
| | d 78 
H H H H 
percent s character: 25 334 50 
C—C bond length: 1.54 А 1.34 А 1.20 А 


C—H bond length: 1.09 À 1.08 À 1.06 À 


жаана а. * _ ж 
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С. Summary of the hybrid orbitals of carbon 


1. When a carbon atom is bonded to four other atoms, the bonds from the 
carbon atom are formed from four equivalent sp? orbitals. The sp? carbon 
is tetrahedral. 


N 
H у wis 


ә 


When carbon bonds to three other atoms, the bonds from the carbon atom 
are formed from three equivalent sp? orbitals with one p orbital 
remaining. The sp? orbitals form three sigma bonds; the p orbital forms a 
pi bond. The sp? carbon is trigonal. 


H H 
ata n 
Irigondgd Ы ж 


3. When carbon bonds to rwo other atoms. the bonds from the carbon atom 
are formed from two equivalent 5р bonds, with two p orbitals remaining. 
The two p orbitals overlap with two p orbitals of another atom to form 
two pi bonds. The sp orbitals form two equivalent and linear sigma bonds. 


H—G=C—H Examples: CH;C=CH. HC=N 


incar 


sp carbons 


SECTION 2.5. 


Functional Groups 


Although sp?-sp? carbon-carbon bonds and sp?-s carbon-hydrogen bonds are 
common to almost all organic compounds. surprisingly. these bonds do not usually 
play a major role in organic reactions. For the most part, it is the presence of 
either pi bonds or other atoms in an organic structure that confers reactivity. 
A site of chemical reactivity in a molecule is called a functional group. A pi bond or 
an electronegative (or electropositive) atom in an organic molecule can lead to 
chemical reaction: either one of these 15 considered a functional group or part of a 
functional group. 


Some functonal groups ‘circled 


CH, CH=C H,  CH,CH.NH,  CH,CH.OH 
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STUDY PROBLEM 


Functional group Class of compound 
Structure Name General formula Class name 
C—C double bond R,C=CR, alkene 
с=с triple bond RGE=GRe alkyne 
—NH, amino group RNH, amine 
—OH hydroxyl group ROH alcohol 
—OR alkoxyl group КОК“ еїһег 
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Circle the functional groups in the following structures: 


О 
| 
(a CH,—CHCH,CH (b) ( Ynn, (с) 
OH 


Compounds with the same functional group tend to undergo the same 
chemical reactions. For example, each of the following series of compounds 
contains a hydroxyl group (— OH). These compounds all belong to the class of 
compounds called alcohols, and all undergo similar reactions. 


Some alcohols: 


CH,CH,OH (CH4),COH {он 


Because of the similarities in reactivity among compounds with .ne same 
functional group, it is frequently convenient to use a general formula for a series of 
these compounds. We usually use R to represent an alkyl group, a group that con- 
tains only sp? carbon atoms plus hydrogens. By this technique, we may represent 
an alcohol as ROH. Table 2.2 shows some functional groups and some classes of 
compounds with generalized formulas. 


R— means an alkyl group, such as СН, —, CH;,CH —- or a 


ROH means an alcohol, such as СН.ОН, CH,;CH,OH, ог {он 


TABLE 2.2. Some functional groups and compound classes 


а R’ refers to an alkyl group that may be the same as or different from К. 
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SAMPLE PROBLEM 


The following compounds are all amines. Write a general formula for an amine. 
CH;NH;, CH,CH;NH,; (Gia): GHGH Nie 


Solution: RNH, 


STUDY PROBLEM 


2.7 The following compounds are all carboxylic acids. Write the general formula for 
a carboxylic acid. 
CH;CO;H CH;CH;CH;CO;H (со 
SECTION 2.6. 


Hybrid Orbitals of Nitrogen and Oxygen 


А. Amines 


Many important functional groups in organic compounds contain nitrogen or 
oxygen. Electronically, nitrogen is similar to carbon, and the atomic orbitals of 
nitrogen hybridize in a manner very similar to those of carbon: 


[йш 
E Tt — 


four sp? orbitals of N 
2s 


As these orbital diagrams show, nitrogen can hybridize its four second-level 
atomic orbitals to four equivalent sp? bonding orbitals. However, note one im- 
portant difference between nitrogen and carbon. While carbon has four electrons 
to distribute in four sp? orbitals, nitrogen has five electrons to distribute in four 
sp? orbitals. One of the sp? orbitals of nitrogen is filled with a pair of electrons, and 
nitrogen can form compounds with only three covalent bonds to other atoms. 

A molecule of ammonia contains an sp? nitrogen atom bonded to three 
hydrogen atoms. An amine molecule has a similar structure: an sp? nitrogen 
atom bonded to one or more carbon atoms. In either ammonia or an amine, the 
nitrogen has one orbital filled with a pair of unshared valence electrons. Figure 2.19 
shows the geometry and the filled orbitals of ammonia and two amines: the 
similarities in structure are evident in this figure. 

The unshared pair of electrons in the filled orbital on the nitrogen of ammonia 
and amines allows these compounds to act as bases. When an amine is treated with 
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ЕЕ _ > filled sp? orbitals . 
A x 


| 1 ^ " EY 


pi СЯ sp?- А СЯ Eo 
H H сй, \ "Hi т “CH, 


H єй, 
ammonia amines 


FIGURE 2.19. Bonding in ammonia and in two amines. 


an acid, these unshared electrons are used to form a sigma bond with the acid. The 
product is an amine salt. 
H 


| dava | 
ыс Und == аа CI 
CH; CH, 


an amine an amine salt 


By analogy with carbon, we would expect the H—N-—-H bond angle in 
МН, to be 109.5°. Experiments have shown that this is not so; the bond angles in 
МН; are 107.3°. One explanation for this is that the bond angles are compressed by 
the large size of the filled orbital with its unshared electrons. (Since the electrons 
in this filled orbital are attracted to only one nucleus rather than to two nuclei, 
they are less tightly held; therefore, the filled orbital is larger than an N—H 
sigma orbital.) When atoms other than hydrogen are bonded to an sp? nitrogen, the 
bond angles are observed to be closer to the tetrahedral angle of 109.5? because 
of repulsions between these larger groups. 


N, №, 
mH т. 
AN м 
Н Н CH; СН, 
107.3° 108° 
ammonia trimethylamine 


Like carbon, nitrogen is also found in organic compounds in the sp?- and 
sp-hybrid states. Again, the important difference between nitrogen and carbon is 
that one of the orbitals of nitrogen is filled with a pair of unshared electrons. 


2 


Sp" "od 
CH;CH—N; CH,CH,C=N: 
CH; 


STUDY PROBLEM 


2.8. Give the complete structural formula for each of the following compounds and 
tell which types of orbitals overlap to form each bond: 


Ne 
(а) (CHj3;NCH;NH; (b) H;NCNHCH;CN (с) < МН | 
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B. Water, alcohols, and ethers 


Like carbon and nitrogen, oxygen forms bonds with sp?-hybrid orbitals. Because 
oxygen has six bonding electrons, it forms two covalent bonds and has two filled 


orbitals. 
n 
2p 2p Эр 


га 
стану и ЕЕ 
four sp? orbitals of O 


2s 


Water is an example of a compound containing an sp? oxygen. The bond angle 
in water is measured to be 104.5°, not the idealized 109.5°. It is believed that the 
size of the filled orbitals with unshared electrons compresses the H— O—H bond 
angle, just as the filled orbital in ammonia compresses the H—N-—H bond 
angles. 

There are a number of classes of organic compounds that contain sp? oxygen 
atoms. For the present, let us consider just two, alcohols and ethers: ROH and 
ROR’. The bonding to the oxygen in alcohols and ethers is directly analogous to 
the bonding in water. In each case, the oxygen is sp? hybridized and has two pairs 
of unshared valence electrons, as is shown in Figure 2.20. 


filled orbitals 


FIGURE 2.20. Bonding in water, in the alcohol CHOH, and in the ether СН.ОСН.. 


C. Carbonyl compounds 


The carbonyl group (C=O) contains an sp? carbon atom connected to ап 
oxygen atom by a double bond. It is tempting to think that a carbonyl oxygen is 
in the sp?-hybrid state just as the carbonyl carbon is; however, chemists are not 
truly sure of the hybridization of a carbonyl oxygen because there is no bond angle 
to measure. 

The geometry of a carbonyl group is determined by the sp? carbon. The 
carbonyl group is p/anar around the trigonal sp? carbon. The carbon-oxygen 
bond contains a pair of exposed pi electrons. The oxygen also has two pairs of 
unshared electrons. Figure 2.21 shows the geometry of a carbonyl group. 


The carbonyl group: 
О c and я "О o^ 
P [ » 
C C (rm 
ZA № V BN СЕ 
trigonal and planar unshared pairs of e` polar 
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= unshared e 
E / 


ГА 


/ 


planar sigma-bond structure 
(all bond angles approx. 120^) the pi bond 


FIGURE 2.21. Bonding in the carbonyl group. 


The carbonyl group is more polar than the C—O group in an alcohol or 
ether. The probable reason for this enhanced polarity is that the mobile pi electrons 
are more easily drawn toward the electronegative oxygen than are the C—O 
sigma electrons. 

The carbonyl group itself is not considered to be a functional group; rather, 
it is part of a variety of functional groups. The functional group and class of com- 
pound are determined by the other atoms bonded to the carbonyl carbon. If one 
of the atoms bonded to the carbonyl carbon is a hydrogen, then the compound is an 
aldehyde. If two carbons are bonded to the carbonyl carbon, then the compound 
is a ketone. Of course, in Chapter ] you already encountered carboxylic acids, in 
which an OH group is bonded to the carbonyl group. We will mention other 
classes of carbonyl compounds later in the book. 


О 
|| | | 
КСН ог ЕСНО КСК RCOH ог RCO;H 
an aldehyde a ketone a carboxylic acid 


SAMPLE PROBLEM 
Classify each of the following compounds as an aldehyde, a ketone, or a 
carboxylic acid: 
О 


| 
(а) ( )—сон (b) CH,CH,CH 


О 


| 
(с) (ecu, (d) HCHO 


Solution: (a) carboxylic acid: (b) aldehyde; (c) ketone; (d) aldehyde 


STUDY PROBLEM 


2.9. Write condensed structural formulas for four-carbon compounds that exemplify 
(а) an aldehyde; (b)aketone; (с) а carboxylic acid; and (d) a carboxylic 
acid that is also a ketone. (There may be more than one correct answer for each 


part.) 
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SECTION 2.7. 


Conjugated Double Bonds 


An organic molecule may contain more than one functional group. In most 
polvfunctional compounds, each functional group is independent of another; 
however, this is not always the case. Let us consider some compounds with more 
than one carbon-carbon double bond. 

There are two principal ways double bonds can be positioned in an organic 
molecule. Two double bonds originating at adjacent atoms are called conjugated 
double bonds. 


Conjugated double bonds: 


CH;—CH—CH-—CH,; ED 


А, РА 
Ё 
adjacent carbon atoms 


Double bonds joining atoms that are not adjacent are called isolated, or 
nonconjugated, double bonds. 


Isolated double bonds: 


CH,=CH—CH,—CH=CH, Vi o 
4 
м / T | 


carbon atoms are not adjacent 


STUDY PROBLEMS 


2.10. Vitamin A, has the structure shown below. How many conjugated double bonds 
does it contain? How many isolated double bonds? 


CH, CH, 
H,C СН, Н | H 
C @ € 


CH, 


2.11. Draw the structure of an eight-carbon compound that has (a) three conjugated 
double bonds; (b) two conjugated double bonds and one isolated double bond; 
and (c) three isolated double bonds. (There may be more than one correct 
answer.) 


Isolated double bonds behave independently; each double bond under- 
goes reaction as if the other were not present. Conjugated double bonds, on the 
other hand, are not independent of each other; there is electronic interaction 
between them. Let us choose the simplest of the conjugated systems, 
СН,=СсН-—СН==СН,, called 1,3-butadiene, to discuss this phenomenon. 
Figure 2.22 illustrates the p-orbital overlap in 1,3-butadiene. 
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partial overlap 


: 2 
each С is sp“ 


H H 
HOC. GO „С 
€ © t. 5 
| | 
Н H 
two pi bonds ^ 
top view of planar о bonds side view showing p orbitals 
(p orbitals not shown) (hydrogens not shown) 


FIGURE 2.22. The p-orbital picture of 1,3-butadiene, CH;— CH— CH-CH;. 


We have numbered the carbon atoms of 1,3-butadiene in Figure 2.22 for 
reference. There are two pairs of p orbitals that form two pi bonds: one pi bond 
between carbons 1 and 2, and one pi bond between carbons 3 and 4. However, 
the p orbitals of carbons 2 and 3 are also adjacent, and partial overlap of these p 
orbitals occurs. Although most of the pi-electron density is located between car- 
bons 1-2 and 3-4, some pi-electron density is also found between carbons 2-3. 
(Figure 2.22 shows a composite of the bonding orbitals in 1,3-butadiene. For a 
more-detailed discussion of the л molecular orbitals of this compound, see 
Section 17.1. Also, refer to Figure 17.1, page 783, for a representation of the four п 
molecular orbitals.) 

We use a number of terms to describe this pi-bond interaction in conjugated 
systems. We may say that there is partial p-orbital overlap between the central 
carbons. We may also say that the bond between carbons 2 and 3 in 1,3-butadiene 
has partial double-bond character. Yet another way of describing the system is to 
say that the pi electrons are delocalized, which means that the pi-electron density 
is distributed over a somewhat larger region within the molecule. By contrast, 
localized electrons are restricted to two nuclei; nonconjugated double bonds 
contain localized pi electrons. 


STUDY PROBLEMS 


Draw the p orbitals of each of the following compounds, using lines to show 
pi-bond overlap and dotted lines to show partial overlap, as we have done in 
Figure 2.22. 


(2) См CHCHIGBHECHGH- CHORD) o 


Write the formula for an open-chain four-carbon ketone in which the carbonyl 
group is in conjugation with a carbon-carbon double bond. 
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SECTION 2.8. 


Benzene 


Benzene (C6H6) is a cyclic compound with six carbon atoms joined in a ring. 
Each carbon atom is sp? hybridized, and the ring is planar. Each carbon atom has 
one hydrogen atom attached to it, and each carbon atom also has an unhybridized 
p orbital perpendicular to the plane of the sigma bonds of the ring. Each of these 
six p orbitals can contribute one electron for pi bonding (see Figure 2.23). 

With six p electrons, benzene should contain three pi bonds. We could draw 
three pi bonds in the ring one way (formula A), or we could draw them another way 
(formula B). However, we might also wonder— could this type of p-orbital system 
lead to complete delocalization of all six p electrons (formula C) instead of just 
partial delocalization? 


H H 
N А 
CEC 
/ ` 
EIC C-H or or maybe 
\ / 
Гы А B С 
H H 
sigma-bond structure placement of pi bonds 
(Each C is sp? and (The circle represents complete delocalization.) 


has one p electron.) 


It is known that all carbon-carbon bond lengths in benzene are the same, 
1.40 А. All six bonds are longer than C—C double bonds, but shorter than C—C 
single bonds. If the benzene ring contained three localized double bonds separated 
by three single bonds, the bonds would be of different lengths. The fact that all 
the carbon-carbon bonds in the benzene ring have the same length suggests that the 
benzene ring does not contain alternate single and double bonds. 

From the bond lengths plus a body of other evidence that will be presented 
in later chapters, chemists have concluded that benzene is a symmetrical molecule 
and that each of the six ring bonds is like each of the other ring bonds. Instead of 
alternate double and single bonds, the six pi electrons are completely delocalized 
in a cloud of electronic charge shaped rather like a pair of donuts. This cloud of 
pielectrons is called the aromatic pi cloud of benzene. Figure 2.23 depicts the lowest- 
energy bonding orbital of benzene, the one commonly used to represent the 


complete overlap 


side view showing p orbitals aromatic pi cloud 
(all in phase) 


FIGURE 2.23. The p-orbital picture of benzene, С.Н... 


68 


Chapter 2 Orbitals and Their Role in Covalent Bonding 


aromatic pi cloud. (Figure 10.6, page 461, shows the six л orbitals of benzene.) For 
most purposes in this text, we will use a hexagon with a circle inside it to represent 
benzene; the circle represents the aromatic pi cloud. 

Benzene is just one member of a class of aromatie compounds, compounds 
that contain aromatic pi clouds. Historically, the term * aromatic" derives from 
the fact that many of these compounds have distinctive odors. We will discuss 
aromatic compounds in detail in Chapters 10 and 16. 


SECTION 2.9. 


Resonance 


Methane (CH,) and ethylene (CH,=CH,) are examples of organic com- 
pounds with structures that may reasonably be described using single valence- 
bond formulas (that is, using lines for pairs of bonding electrons). In each case, a 
line joining two atomic symbols represents a covalent bond between two atoms. 

Benzene is an example of an organic compound that cannot be accurately 
represented by a single valence-bond formula. The delocalization of the pi elec- 
trons results in a system in which the pi electrons encompass more than two atoms. 
Classical valence-bond notation does not cover this circumstance. (The circle in 
the hexagon representing the aromatic pi cloud in benzene is a fairly recent addition 
to organic symbolism.) In order to describe the pi-electron distribution in benzene 
using classical valence-bond formulas, two formulas must be used. 


Bom the real structure is 
{У pe P: a composite of these 
two resonance structures 


resonance structures for benzene 
(Kekulé formulas) 

These two valence-bond formulas for benzene are called Kekulé formulas 
in honor of Friedrich August Kekulé, who first proposed them in 1872. Kekulé’s 
original proposal was brilliant, but unfortunately incorrect. His idea was that the 
two structures for benzene shifted back and forth so fast that neither could be 
isolated independently of the other. The two Kekulé structures were said to be in 
resonance with each other; for this reason, the Kekulé structures are also called 
the resonanee symbols, or resonanee struetures, for benzene. We now know that 
benzene does not shift between two different structures; the real structure of ben- 
zene is a composite of the two resonance structures. We say that benzene is a 
resonance hybrid of the two resonance structures. 

Whenever we can describe a molecular structure by two or more valence- 
bond formulas that differ only in tlie positions of the electrons (usually pi electrons), 
none of these formulas will be in complete accord with the chemical and physical 
properties of the compound. If different resonance structures can be written for a 
compound, we can assume a delocalization of electron density. These statements 
are true for all aromatic structures, as well as for some other structures we will 
mention shortly. 


The real structure of naphthalene is a composite of the resonance structures: 


Ee АР: а аа — 
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The real structure of pyridine is a composite of the resonance structures: 


2 S 
ENS | odi | 2 
N N 


The important thing to keep in mind is that resonance symbols are not true 
structures; the true structure is a composite of all the resonance symbols. Many 
chemists have made the analogy that a rhinoceros (a real animal) might be de- 
scribed as a resonance hybrid of a unicorn (imaginary) and a dragon (imaginary). 
A rhinoceros does not shift back and forth from unicorn to dragon, but is simply 
an animal with characteristics of both a unicorn and a dragon. 

То show thattwoormoreformulas represent resonance structures (imaginary) 
and not real structures in equilibrium, we use a double-headed arrow (e). Ву 
contrast, we indicate an equilibrium by two arrows (=). 


Resonance: rhinoceros: unicorn «e——-— dragon 
(real) (imaginary) 
benzene: (У б? C2 
(real) (imaginary) 
Equilibrium: 2H,O H,0° + OH. 
(real) (real) (real) 


Aromatic compounds are not the only compounds for which single valence- 
bond formulas are inadequate. The nitro group (— NO,) is a group of atoms that 
we can best describe using resonance structures. A single valence-bond structure 
for the nitro group shows two types of N—O bond. However, it is known that the 
two N—O bonds are the same length. Two valence-bond structures are needed; 
the true structure of the NO, group is somewhere in between the two. Resonance 
structures for nitromethane, CH ,NO, , are shown below. To show that the bonds 
from the nitrogen to the oxygens in the NO, group are the same, some chemists 
represent the nitro group with dotted lines for the partial double bonds. 


oe : ©. = О? = 
T 


qao: ev 
IET, —71 a CH,—N or СЫ 


% BN NE 
OF Q: О? 


The carbonate ion (СО,?^) is an ion that cannot be represented by a single 
valence-bond structure. Each C—O bond in the carbonate ion is the same length. 
We must use three resonance structures to describe the real structure. 


C 
Ку vo ae ES н 
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A. Electron shifts 


In a series of resonance symbols, we often show shifts of pi-bond electrons by 
small curved arrows. The value of electron-shift arrows is that they allow us to 
progress systematically from one resonance symbol to another. These electron 
shifts are purely artificial because the pi electrons do not truly shift, but are de- 


localized. Note that electron-shift arrows may be drawn only to an adjacent atom 
or an adjacent bond position. 


O: „*, № O 
Co d — 
GHEN St В but not = 18 | 
© т „O. Kos 
СӨ: О: :О: 
l | 
1 
Co oN E ac E NS 
p» pe D Y O о. о 


When using electron-shift arrows, we must pay special attention to valence 
rules. An atom of the period-2 elements can accommodate a maximum of eight 
valence electrons. For purposes of keeping track of these electrons, it is often 
advisable to show the unshared electrons in resonance structures. 


А 7 О. 1 2 
Gite == (Chile 

éd o EL S 

Go о; 

not possible: N cannot accommodate ten e^ 


SAMPLE PROBLEM 


Write resonance structures with electron-shift arrows for pyrimidine and for the 
acetate ion. CH4CO, . 


Solution: 


| c9: :Qa^ 
S mE CH uc CH,C—O: 
D o - AE os 3d 
5 T 


STUDY PROBLEM 


2.14. The nitrate ion, NO, , contains three equivalent N—O bonds. Write resonance 
structures for the nitrate 10n. 


2-15. 
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B. Major and minor contributors 


In each example we have shown so far, the bonding has been the same in each 
resonance symbol. When the bonding is the same, the resonance structures are 
of equal energy and are equivalent to each other. Equivalent resonance structures 


contribute equallv to the real structure. 
Resonance structures for a compound or ion may not all contribute equally 
to the real structure. Consider the following example: 


lower energy, J> | higher energy. 
major contributor (© ———À Lex minor contributor 


LS 2 
H H H 
formaldehyde 


This pair of resonance structures for formaldehyde shows one structure (on 
the left) in which all atoms have an octet of valence electrons and no charge sepa- 
ration. This resonance structure is of lower energy than the right-hand structure, 
in which the carbon atom has only six electrons surrounding it and the carbon- 


oxygen bond has a charge separation. 
The lower-energy structure is more like the real structure than is the higher- 


energy structure. We say that the left-hand structure is a more important resonance 
structure, or a major contributor to the real structure, while the right-hand structure 
is a less important resonance structure, or a minor contributor. (This is similar to 
saving that a rhinoceros is like a dragon with just a little unicorn thrown in.) 


©: ie 
ll 


Formaldehyde is like H—C—H_ witha small amount of H—C—H thrown in. 


STUDY PROBLEM 


Which of the following resonance structures is the major contributor to the real 
structure? 


:0:- :0: 
ZEE 2 
(а) CH,C—CH-CH, ——— CH,C—CH=CH, 
:О 
—— CH,C—CH=CH, 
(9: E 
(b) CH,C—OCH, —— CH3;C%OCH; 
з 
S MH. CIO, 
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C. Rules for writing resonance structures 


We will encounter resonance structures frequently in the coming chapters. Let 
us summarize the rules for writing resonance structures: 


1. Only electrons (not atoms) may be shifted, and they may be shifted only to 
adjacent atoms or bond positions. 

2. Resonance structures in which an atom carries more than its quota of 
electrons (eight for the period-2 elements) are not contributors to the real 
structure. 


3. The more important resonance structures show each atom with a complete 
octet and as little charge separation as possible. 


Co: O 
& РА г Qe Р 
CH,N CH,N 
a- - 
О, О, 
more important because less important because 
each atom has an octet N has only six electrons 


D. Resonance stabilization 


If a structure is a resonance hybrid of two or more resonance structures, 
the energy of the real structure is lower than that of any single resonance structure. 
The real structure is said to be resonance-stabilized. In most cases, the energy 
difference is slight, but for aromatic systems, like benzene or naphthalene, the 
energy difference is substantial. (The reasons for aromatic stabilization will be 
discussed in Chapter 10.) 


The hypothetical structure £t is of higher energy than Kon 
ОТ Ок "Ло Cm 


The hypothetical structure C is of substantially higher energy than © 


Resonance stabilization is most important if two or more resonance struc- 
tures for a compound are equivalent or nearly equivalent in energy. A high-energy, 
minor-contributing resonance structure adds little stabilization. 


TOF 20:7 
|] 


H—C—H gains only а small amount of stabilization from H—C—H 


The reason for the energy differences between hypothetical resonance 
structures and the real structure of a compound is not entirely understood. 
Certainly, part of the reason is that a delocalized electron is attracted to more than 
one nucleus. It is generally true that a system with delocalization of electrons or 
of electronic charge is of lower energy and of greater stability than a system with 
localized electrons or electronic charge. 

Although carbon atoms do not usually form ionic bonds, resonance- 
stabilization allows some of these ionic compounds to exist (even if for just a 
fleeting moment). For example, 
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> + 
СН.СН.СН, Cl CH;,—CHCH, СГ 
cannot be Jormed under highly reactire and 
usual laboratory conditions short-lived, but can exist 


under ordinary conditions 
Resonance structures for CH;—CHCH;: 


ch GCH, —— Óu,—cH-cH, 


equal contributors 


The principal reason that carboxylic acids are acidic is that the carboxylate 
ion is stabilized bv delocalization of the negative charge after removal of the 
proton. 


NC: :О Qi 
[ў 


Ду 
CH,CO™H + H,O 


В i 
CH,CxOr «—— CH,C=6:}+ H,0* 
in the carboxylate ion. the — charge 
is shared by both O atoms. 


SAMPLE PROBLEM 


2.16. 


Which of the following compounds are resonance-stabilized? (Vote: Because the 
bonding electrons of sulfur are in the third energy level. it can accommodate 
more than eight electrons.) 


H CH, О 
x Гава |] 

(a) CH,CHjCH, (ы с=с, © Но о 
H H d 


Solution: (a) is not resonance-stabilized because it contains no pi electrons. 
(b) is not resonance-stabilized because there is no position in the 
molecule where the pi electrons can be delocalized. 
(с) 1s resonance-stabilized : 


< О O 
2 i ll ^ м 
CH40S—O CH 0 о x Чы о, 
О o? 20у 


STUDY PROBLEM 


(1) Write resonance structures for the following ions. (2) Indicate which, if any, 
of the resonance structures is the major contributor or whether the structures 
are of similar energy. 


(a CH,CH—CHCHCH, (Ы) (О), 


© 
il 1 
(с) СН,ССН, (d) :CH,C=N: 


'O 
m l.. 
(e) О (f) eu (Be careful!) 
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Summary 


A covalent bond is the result of two atomic orbitals overlapping to form à 
lower-energy bonding molecular orbital in which two electrons are paired. 
The four atomic orbitals of C undergo hybridization in bond formation: 


sp? hybridization: four equivalent single bonds (tetrahedral). 

sp? hybridization: three equivalent single bonds (trigonal) plus one 
unhybridized p orbital. 

sp hybridization: two equivalent single bonds (/inear) plus two 
unhybridized p orbitals. 


Overlap of a hybrid orbital with an orbital of another atom (end-to-end 
overlap) results in a sigma bond. Overlap of a p orbital with a parallel p orbital of 
another atom (side-to-side overlap) results in a pi bond. 


c and n c and two п 
H H H \ H \ 
N 7 
H—C—C—H с=с H—CzC—H 
| | PANTS ` n 
HH UE E: | 
sp?, all a E : " 


Each bonding molecular orbital has an antibonding molecular orbital 
associated with it. Antibonding orbitals are of higher energy than either bonding 
orbitals or the atomic orbitals that went into their formation. In the ground state, 
molecules have their electrons in the lowest-energy orbitals, usually the bonding 
orbitals. 

A functional group is a site of chemical reactivity in a molecule and arises from 
a pi bond or from differences in electronegativity between bonded atoms. A double 
or triple bond isa functional group. The following general formulas show examples 
of other functional groups: 


RNH, ROH ROR’ 
an amine an alcohol an ether 
| | |. 
RCH RCR’ RCOH 
an aldehyde a ketone a carboxylic acid 


Pi bonds extending from adjacent carbon atoms are called conjugated double 
bonds. Їп the case of benzene and other aromatic compounds, complete delocali- 
zation of pi electrons results in the aromatic pi cloud. 


some pi-electron density here pi electrons completely delocalized 
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Resonance symbols may be used to show delocalization of p electrons. 


:0: 


тај LA 
D—O la — ata 


If all resonance symbols are not equivalent, the lowest-energy resonance symbol 
is the major contributor. 


oF n 
EH. —C OH CH;,—C—CH; 


major contributor 


Delocalization of pi electrons in a molecule, or of electronic charge in an ion, 
results in a slight increase in the stability of the system. However, for aromatic 
compounds, the increase in stability is substantial. 


STUDY PROBLEMS 
2.17. Do the following structures represent the same or different compounds? Explain. 
Br Br H 
H—C- —Br EA Br—C—Br 
H а н 


2.18. Which of the following molecular formulas could represent a real compound? 
(a C-H- (b С.Н; (c) C4Hg (d) C,H, 


2.19. Draw a p-orbital picture for each of the following compounds. (Use lines for sigma bonds.) 
(a) (СН,).С=С(СН,), (b) CH;C-—CCH,; 


2.20. Indicate the hybridization of each carbon in the following structures: 


2 
|] T 
(а) НС=СССН, (Ы) СН,ОСН,СН, (© TO 


2.21. In each of the following structures, does the pair of indicated carbon atoms lie in the same 


plane or not? 
к ‘> С 
н; „СНз | CH; Hc. УСН2СНз 
(а) чс. (b) CY (c) реа 
Н.С н H.C H 


| b? k. А52 
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2.23. 


2.24. 


225 


2.26. 
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What would be the expected sigma-bond angles in the following structures? 


H 
(a) ni i (d) |< (©) 
WB A ‚исх у 
(Осен —C-CH- = H 
Qu 


(b) 


Draw an orbital picture for each of the following formulas. Indicate the types of orbitals 
from each atom, and show any orbitals containing unshared valence electrons. (Use lines 
for sigma bonds.) 


(a H,O* (b) HCN (с) OH- (d) (Оуснеси, 


(е) МН,МН, (f) (CH3)4N* (p "ОСН; 


The molecular-orbital diagram that follows is for the carbon-carbon double bond in 


cyclohexene. 
Ti 
1 = 


cyclohexene с — 


(a) Indicate by arrows which orbitals contain the double-bond electrons when cyclohexene 
is in the ground state. 

(b) Absorption of ultraviolet light by a double bond results in the promotion of an 
electron to a higher-energy orbital. Which electron transition requires the least energy 
when cyclohexene goes to an excited state? 


In each of the following structures or pairs of structures, which of the indicated bonds (1 or 
2) is the shorter one? 


"О Q 
(a) c cts, 92: (b | C=CH—C=C=H 
e 


О 
важ 
(с) C8 ОЖ», (4) mo CH,CCH, 


Piperazine is the drug of choice for treatment of patients with roundworms or pinworms. 
Pyridine is a pungent-smelling aromatic compound used as a solvent and reagent in organic 
laboratories. 


л О 
HN NH b 
(a) ъ (С) 


N 


piperazine pyridine 


(1) Draw the complete structural formulas of these compounds, showing each atom and 
using a line for each covalent bond. 

(2) Indicate unshared electron pairs by dots. 

(3) What is the hybridization of each ring atom? 


2:29. 


2.30. 


2.31. 


2.32. 


2533. 
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Show Бу electron dots any unshared valence electrons in the following structures: 


О 
ОХ ll 
(a) сна (b O © (ә CH,NHCH, (а) CH,COH 


Which compound of each pair is more polar? Explain. 
(а) CH,CH.OH. СН.ОСН, (D СН.ОСН,. (CH;),C=O 
(с) СН,ХМН,. (CHjN (d) СН,СН,. СН,СН,С! 
Circle and name the functional groups in the following structures: 
О О О 
(а) CH,CH (b) eas (c) cciam 


О 
E wal |] 
(а) NG ›—сн.он (е) < CHO (D CH,CCH,OH 


(2) (h) Н.С тш n 
О 
HO О 
estradiol cortisone 
(a female hormone) (an adrenal steroid 


used to treat arthritis) 


Write a general formula, using К and К’, for each of the following compounds. (Example: 
СН.ОН = КОН.) 


О 
[| 
(а) ( You (b CH,CH,CH,COCH, (с) CH,CH,NHCH, 


Give a three-carbon open-chain structure to illustrate each of the following compound 
types: (a)alkene; (b)alkyne; (c)ether; (d)alcohol; (e)amine; (f)ketone; 

(а) aldehvde; (№) carboxylic acid. (There may be more than one correct answer in each 
case.) 


Redraw each structure to emphasize the carbonyl group: 


(а) CH,CH,CH,CO,H (Ы) (Qao (с) (C)-co.cns 


Write a condensed structural formula for each of the following compounds. (There may be 
more than one answer.) 


(а) а ketone, C,H,O (b) acyclic alcohol, С,Н,,О 
(c) analkene, С.Н (d) an aldehyde, C;H,O 
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2.35. 


2.36. 


2.37. 


2.38. 
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Indicate whether each of the following compounds contains delocalized or localized pi 
electrons: 


Na 
(d) С) (e) СН=ССНО (f) CH,=CHCH,CHO 
х. 
М 


Give the structure of an open-chain five-carbon compound with (a) two double bonds in 
conjugation; (b)two isolated double bonds. (More than one answer may be possible.) 


In the following structure for cyclohexanone, (a) show the placement of a C—C double 
bond in conjugation with the carbonyl group, and (b) indicate the hybridization of each 
carbon atom in the structure with the C—C double bond. 


a. 
cyclohexanone 


Tell whether each of the following pairs of structures are resonance symbols or compounds 
(or ions) in equilibrium: 


(a) СН,СО,Н sand CH,CO, +Н* 
(b) СН,СН,М=0 and CH,CH=N—OH 
О On 
(c) йй С апа ңер: 
(d) CH,CHCH—CH, and СН,СН=СНСН, 
Which of the following pairs of structures are resonance symbols of each other? 
ОЛ *OH OH 


| | 
(а) (CH);CHCO-, (CHj,CHC—O (Б) CH,CCH, CH,CCH, 
OH 


| | ; 
(с) СН,ССН,, СН;С=СН, (d) ( у=. 7 


(e) CH,=C=0, CH=C—OH 


(f CH,=CHCH=CHCH,, CH,CH=CHCH=CH, 


Give the important resonance contributors for each of the following structures: 


O O 


| | 
(а) HCO- (b) HOCO (c) (Усы, 
О + 
] CH; 
(d) -o= ен (е) СТ 
OCH, 


2.41. 


2.42. 


2.43. 


2.44. 


2.45. 


2.46. 
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Which of the following resonance structures would be the major contributor to the real 
structure? 


О: Oi :0:- 


I ee 


" Y | 
M GH.GH,C NH, ——— CH,OH,C--NH, ——— > CH,CH,C=NH, 


:б:- Ө: :б:- 
И аз - 
(b) CH,C—ÓCH, <» CH,C+6CH, < CH,C=QCH, 


(©) 2: Б «US £6: T 


Write the important Kekulé structures for each of the following aromatic compounds. 
(Hint: First, determine the number of pi electrons. Second, determine the number of double 
bonds formed by this number of pi electrons. Third, follow the rules of valence and 
distribute the double bonds in as many ways as possible.) 


Which ion in each of the following pairs would be more stabilized? Explain your answers 
with structures. 


/ 
(a) (C) een, and (С) нё, 


(b CH,CH,CHCH, and CH,—CHCHCH, 
(c) :CH,CH, and :CH,NO, 


Allene has the following structure: CH,=C=CH,. (а) What is the hybridization of each 
carbon? (b) What would be the expected angle between the two pi bonds? (c) Are the 
two pi bonds conjugated? (d) Can electronic charge be delocalized throughout both pi 
bonds? 


The O—C—O bond angle in CO, is 180°. Write the Lewis structure and draw the 
p-orbital picture. What is the hybridization of the carbon? 


Guanidines and amidines are classes of compounds that react as bases. Draw the resonance 
structures for the conjugate acids—that is, the cations. 


n" "NH; 
(а) CH,NH—C—NH, + Н” === CH,NH—C—NH, 
a guanidine 


МН "NH; 


(b CH,—C—NH, + Н CH,—C—NH, 


an amidine 


What are the electron distributions in the bonding and antibonding orbitals of H,* and 
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Triplet methylene is а very unstable species with the formula :CH;. The H—C—H bond 
angle is 180°. Draw the orbital picture (using lines for sigma bonds). Indicate the 
hybridization state of the carbon atom. 


The hydrogen atoms circled in the following formulas are unusually acidic compared to 
other hydrogens bonded to carbon. Suggest a reason for this acidity. (Hint: Consider the 
resonance structures of the anions that result from loss of the circled hydrogens.) 


П l 
(а) CH,CCHCCH, (b NC—CH—CN 


One of the few known ionic compounds of carbon in which the organic ion contains only 
C and H is triphenylmethyl perchlorate. Why is it that this compound can be isolated, 
while a phenylmethyl cation (called the benzyl cation) is too unstable to yield isolable salts? 
(Use structures in your answer.) 


Oe aoc (С) ёш 


triphenylmethyl perchlorate benzyl cation 


СНАРТЕКЗ 


Structural Isomerism, 
Nomenclature, and Alkanes 


E Chapter 2, we discussed the bonding of several compounds that contain 
only carbon and hydrogen. A compound containing only these two elements is 
called a hydrocarbon. Methane (CH,), ethylene (СН,==СН,), and benzene 
(СН) are all examples of hydrocarbons. 

Hydrocarbons with only sp? carbon atoms (that is, only single bonds) are 
called alkanes (or cycloalkanes if the carbon atoms are joined in rings). Some typical 
alkanes are methane, ethane (CH;CH;), propane (CH4CH;CH,), and butane 
(CH,;CH,CH,CH;). All these alkanes are gases that are found in petroleum 
deposits and are used as fuels. Gasoline is primarily a mixture of alkanes. At the 
end of this chapter, we will discuss some of these aspects of hydrocarbon chemistry. 

Alkanes and cycloalkanes are said to be saturated hydrocarbons, meaning 
"saturated with hydrogen." These compounds do not undergo reaction with 
hydrogen. Compounds containing pi bonds are said to be unsaturated; under the 
proper reaction conditions, they undergo reaction with hydrogen to yield saturated 
products. 


Saturated hydrocarbons: 


CH, +H, ә погеасиоп 
methane 


an alkane 


Ө: +H, —— по reaction 


cyclohexane 


a cycloalkane 
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Unsaturated hydrocarbons: 


Ni catalys 
э =ч э= "шш = с 
ethylene ethane 
Ni catalyst 
CH,CECH ZH, CMM CHQCHCH, 
propyne propane 
Ni catalyst 
кел =; 
©) кы; heat, pressure (> 
benzene cyclohexane 


In this chapter, we will discuss primarily alkanes and cycloalkanes — the 
saturated hydrocarbons. Because saturated hydrocarbons lack a true functional 
group, their chemistry is not typical of most organic compounds; however, these ` 
compounds provide the carbon skeletons of organic compounds that do contain 
functional groups. Therefore, the discussion of saturated hydrocarbons provides 
an excellent opportunity for introducing the variations in the structures of organic 
compounds and the naming of organic compounds. 


SECTION 3.1. 


Structural Isomers 


Variations in the structures of organic compounds can arise from different 
numbers of atoms or types of atoms in molecules. However, variations in structure 
can also arise from the order in which the atoms are attached to each other in a 
molecule. For example, we can write two different structural formulas for the 
molecular formula C,H,O. These two structural formulas represent two different 
compounds: dimethyl ether (bp — 23.6°), a gas that has been used as a refrigerant 
and as an aerosol propellant, and ethanol (bp 78.5°), a liquid that is used as a 
solvent and in alcoholic beverages. 


СН.ОСН, CHCH OH 
dimethyl ether ethanol 
a gas at room temperature a liquid at room temperature 


Two or more different compounds that have the same molecular formula are 
called isomers of each other. If the compounds with the same molecular formula 
have their atoms attached in different orders, they have different structures and 
are said to be structural isomers of each other. (We will encounter other types of 
isomerism later.) Dimethyl ether and ethanol are examples of a pair of structural 
isomers. 

Alkanes that contain three or fewer carbons have no isomers. In each case, 
there is only one possible way in which the atoms can be arranged. 


No isomers: СНА CH,CH, CH,CH,CH, | 


methane ethane propane | 


€——— 
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The four-carbon alkane (C,H,,) has two possibilities for arrangement of the 
carbon atoms. As the number of carbon atoms increases, so does the number of 
isomers. The molecular formula C;H,, represents three structural isomers; 
С.Н, represents five; and C oH22 represents 75! 


Structural isomers for C.H... 


"s 
СН,СН.СН,СН, СН.СНСН, 
butane. bp —0.5* methylpropane, bp — 12° 
a continuous-chain alkane a branched-chain alkane 


SAMPLE PROBLEM 


Write formulas for the three structural isomers of С.Н,,. 


Solution: 


| 
(a) CH,CH,CH,CH,.CH, (Ы) CH,CH,CHCH, (0) сем 
СН, СН, 


You might have listed CH,CHCH;CH,. This structure is the same as (b). 


Different positions of attachment of a functional group in a molecule also 
lead to structural isomerism. The alcohols 1-propanol and 2-propanol are struc- 
tural isomers with slightly different properties. The alkenes 1-butene and 2-butene 
are also structural isomers with different properties. 


"is 

CH4CH;CH;OH CH,CHCH, 

1-ргорапо! 2-ргорапо! 

bp 97° bp 82° 
CH;-—CHCH;CH,; CH,CH=CHCH, 
]-butene 2-butene 
bp —6.3° bp 3.7 
STUDY PROBLEMS 
3.1. Draw a structural isomer for each of the following compounds. (There is more 


than one answer for each.) 


| а 
(à CH,CH,CHCH (b) T (с) CH,—CHCH,OH 
| CH, 
CH, 
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For each of the following compounds, write the structural formula of an isomer 
that has a different functional group. (There may be more than one correct 
answer.) 


|| rf 
(a) CH,COH (Ы) (осн, (с) ОНС Galen, 


Example: Ап isomer of CH,;CH,CH,OH that has a different functional group 
is CH4OCH;CH,, but not (СН), СНОН, which is an isomer with the same 
functional group. 


А. Isomers or not? 


Molecules can move around in space and twist and turn in “snake-like 
motion," as Kekulé once described it. (Kekulé, you will recall, was the chemist 
who proposed a structure for benzene.) We may write the same structure on paper 
in a number of ways. The order of attachment of the atoms is the factor that de- 
termines if two structural formulas represent isomers or the same compound. For 
example, all the following formulas show the same order of attachment of atoms; 
they all represent the same compound and do not represent isomers. 


All represent the same compound: 


M eri CH,CH, m 
CH,CH,CHCH, | CH,CHOH „CHOH — CH,CHCH,CH, 
CH; 


SAMPLE PROBLEM 


Which of the following pairs of formulas represent tsomers and which represent 
the same compound? 


Cl Cl 


| | 
(а) СЫ.СНОНОЬ and CLCHCHCH,; (b) CY and C) 
CI 
(с) Oa and 


OH 


CI 


| 
(d) (CH3);CCHCH, and (CH;);CCH,CH,OH 


Solution: (c) and (d) represent pairs of structural isomers. In (a) and (b) the 
structures are oriented differently, but the order of attachment of the atoms is 
the same; therefore, the formulas in (a) and (b) represent the same compound. 
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В. А ring or unsaturation? 


Given a molecular formula for a hydrocarbon, we can often deduce a reasonable 
amount of information about its structure. For example, all acyclic (non- 
cyclic) alkanes have the general formula C,H;,,,. where n = the number of 
carbon atoms in the molecule. Propane (CH,;CH,CH;, or C,Hg) has three carbon 
atoms (л = 3). The number of hydrogen atoms in propane is 2n + 2, or eight. Try 
the formula on the following alkanes: 


CH, CH,CHCH, CH,CH,CH,CHCH, 


The presence of a ring or a double bond reduces the number of hydrogens in 
the formula Бу two for each double bond or ring; that 15, a compound with the 
general formula C,H,, contains either one double bond or one ring. 


GHJCH;GH;CH; CH,CH,CH=CH, Е 
С.Н, о С.Н» C,H, 
GEL, es: COH СН» 


A compound with the general formula С,Н,„_ might have one triple bond, 
two rings, two double bonds, or one ring plus one double bond. 


Three of тапу possible structural isomers for СоН\а: 


CH;(CH,),<C=CH mc {_$—снн, 


one triple bond two rings one double bond and one ring 


STUDY PROBLEM 


3.3. What can you deduce about the possible structures represented by each of the 
following molecular formulas? 
(а) С,Н,, (b) СН» (c) С.Н, 

SECTION 3.2. 


How Organic Nomenclature Developed 


In the middle of the 19th century, the structures of many organic compounds 
were unknown. At that time, compounds were given names that were illustrative 
of their origins or their properties. Some compounds were named after friends or 
relatives of the chemists who first discovered them. For example, the name 
barbituric acid (and hence the common drug classification barbiturates) comes 
from the woman's name Barbara. At one time, the carboxylic acid HCO,H was 
obtained from the distillation of red ants. This acid was given the name formic acid 
from the Latin formica, which means "ants." These names are both called trivial 
names or common names. In many respects, these trivial names are like nicknames; 
both these compounds have more formal (but seldom-used) names. 
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Faced with the specter of an unlimited number of organic compounds, each 
with its own quaint name, organic chemists in the late 19th century decided to 
systematize organic nomenclature to correlate the names of compounds with their 
structures. The system of nomenclature that has been developed is called the 
Geneva system or the IUPAC system. The term Genera comes from the fact that the 
first nomenclature conference was held in Geneva, Switzerland. The initials IUPAC 
stand for the /nternational Union of Pure and Applied Chemistry, the organization 
responsible for the continued development of organic nomenclature. 

In the next section, we will present a brief survey of the IUPAC nomenclature 
system along with some frequently used trivial names. In future chapters we will 
expand our discussion of nomenclature as it becomes necessary. A more complete 
outline of organic nomenclature is presented in the appendix. 


SECTION 3.3. 


A Survey of Organic Nomenclature 


А.  Continuous-chain alkanes 


The IUPAC system of nomenclature is based upon the idea that the structure 
of an organic compound can be used to derive its name and, in turn, that a unique 
structure can be drawn for each name. The foundations of the IUPAC system are 
the names of the continuous-chain alkanes. The structures and names of the first 
ten continuous-chain alkanes are shown in Table 3.1. 

The compounds in Table 3.1 are arranged so that each compound differs from 
its neighbors by only a methylene (CH;) group. Such a grouping of compounds is 
called a homologous series, and the compounds in such a list are called homologs. 

From Table 3.1, youcan see that all the alkane names end in -ane, which is the 
IUPAC ending denoting a saturated hydrocarbon. The first parts of the names of 
the first four alkanes (methane through butane) are derived from the traditional 
trivial names. The higher alkane names are derived from Greek or Latin numbers; 
for example, pentane is from penta, ** five." 


TABLE 3.1. The first ten continuous-chain alkanes 


Number of 

carbons Structure Name 
| CH, methane 
2 СН.СН, ethane 
3 CH4CH;CH,; propane 
4 CH;(CH,),CH, butane 
5 СН,(СН,),СН, pentane 
6 CH4(CH;)CH; hexane 
7 CH4(CH;);CH,; heptane 
8 CH,(CH,),CH, octane 
9) CH;(CH,),CH; nonane 

10 CH;(CH;)gCH; decane 
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Let us brietly consider the derivations of the names for the first four alkanes. 
Methane (СН.) is named after methyl alcohol (CHOH). Methyl, in turn, is a 
combination of the Greek words methy (wine) and Лу/е (wood). Methyl alcohol 
can be prepared by heating wood in the absence of air. Even today, this alcohol 
is sometimes referred to as wood alcohol. 

The name ethane (CH,CH;) is derived from the Greek word aithein, which 
means "to kindle or blaze." Ethane is quite flammable. The name for propane 
(CH;CH;CH;) is taken from the trivial name for the three-carbon carboxylic 
acid. propionic acid (CH,;CH;CO;H). Propionic is a combination of the Greek 
proto (first) and pion (fat). Propionic acid is the first (or lowest-molecular-weight) 
carboxylic acid to exhibit properties of fatty acids, which are acids that can be 
obtained from fats. Burane (CH,;CH,CH,CH;) is named after butyric acid— 
the odorous component of rancid butter (Latin butyrum, " butter”). 


B. Cycloalkanes 


Cycloalkanes are named according to the number of carbon atoms in the ring, 
with the prefix cyclo- added. 


"(Memo 


cyclopentane cyclohexane cyclooctane 


C. Side chains 


When alkyl groups or functional groups are attached to an alkane chain, the 
continuous chain is called the root, or parent. The groups are then designated in the 
name of the compound by prefixes and suffixes on the name of the parent. 


branch =A 
CH, O rhe parent is pentane 


CH,CHCHCCH, | 
Cl 


functional groups 


A side chain, or branch, is an alkyl group branching from a parent chain. A 
continuous-chain alkyl group is named after its own alkane parent with the -ane 
ending changed to -yl. (CH, is methane; therefore, the CH;— group is the methyl 
group. СН.СН, is ethane; therefore, the CH ,CH,— group is the ethyl group.) The 
names for the first five continuous-chain alkyl groups are listed in Table 3.2. 


TABLE 3.2. The first five continuous-chain alky! groups 


Structure Name 
GH, methyl 
GHI HL, = ethyl 
CHICH GEI = propyl 
CH;(CH;),CH;— butyl 


СН(СН,),СН,— pentyl 
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How is the name of a side chain incorporated into the name of a compound? 
To illustrate the technique, we will use hexane as the parent. If there is a methyl 
group on the second carbon of the hexane chain, the compound is named 2- 
methylhexane; 2- for the position of attachment on the parent, methyl for the 
branch at this position, hexane for the parent. Methylhexane is one word. 


CH, Ж as methyl at position 2 


| 
CH,CHCH,CH,CH,CH, 
0 OQ e GI! € 


2-methylhexane 


SAMPLE PROBLEM 


Why is the following compound пог named 1-methylhexane? What is its correct 
name? 


ыыы с a 
CH, 


Solution: The structure contains a continuous chain of seven carbons: it is 
called heptane. 


The general procedure to be followed in naming branched alkanes follows: 


1. Number the carbon atoms in the longest continuous chain, starting at the 
end closer to the position of the branch so that the prefix number will be as 
low as possible. (The longest continuous chain in an alkane is the parent, 
even if the chain is not shown in a straight line.) 


2. Identify the branch and its position. 
3. Attach the number and the name of the branch to the name of the parent. 


SAMPLE PROBLEMS 


Name the following compound: 
CH,CH,CHCH,CH,CH;CH, 
d H;CH;CH; 
Solution: The longest continuous chain is eight carbons. The parent is octane. 


| ФоФФ® 
numbering: CN oe GE ET 
СС closer to the branch 
(ONG ne d 


alkyl group: ethyl at carbon 4 


name: 4-ethyloctane 
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Write the structure for 3-methylpentane. 
Solution: the parent chain: C—C—C—C—C (pentane) 


numbering: 


сн, 
the alkyl group: @—G—c—c—c¢ (3-methyl) 
add the hydrogens (each carbon must have four bonds): 
CH, 
CH;CH,CHCH:CH, 


Name the following structure. In this name, a prefix number is not needed. 
Why not? 


(CH4),CHCH,CH, 


Solution: Methvlbutane. A prefix number is not needed because there is only 
one methylbutane: 
Он; CH; 


| | 
СН.СНСН.СН, is the same as CH,CH,CHCH, 


The only other place to attach the methyl group would be on an end carbon; 
however, this compound is pentane, not methylbutane: 


CH,CH;CH;CH, 
| 
CH, 


D. Branched side chains 


An alkyl! group may be branched, rather than a continuous chain. The following 
examples show branched side chains on a cyclohexane ring and on a heptane 
chain, respectively. 


ат CH,CHCH, 
{_)—©нснсн, CH,CH,CH,CHCH,CH,CH, 


Common branched groups have specific names. For example, the two propyl 
groups are called the propyl group and the isopropyl group. 


i 
ОБСЕ СЕР = (LIEGE 
propyl (or n-propyl) isopropyl 


Toemphasize that a side chain is not branched, a prefix n- (for normal-)is often 
used. (The n- is redundant since the absence of a prefix also indicates a continuous 
chain.) The prefix iso- (from isomeric) is used to indicate a methyl branch at the 
end of the alkyl side chain. 
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A four-carbon side chain has four structural possibilities. The butyl, or 
n-butyl, group is the continuous-chain group. The isobutyl group has a methyl 
branch at the end of the chain. These two butyl groups are named similarly to the 
propyl groups. 


methyl hranch at end 


\ 


ji 
GH, CH CH GH = CH,CHCH,— 
butyl (or n-butyl) isobutyl 


The secondar y-butyl group (abbreviated sec-butyl) has two carbons bonded 
to the head (attaching) carbon. The tertiary-butyl group (abbreviated tert-butyl 
or t-butyl) has three carbons attached to the head carbon. 


two C's on three C's on 
head carbon head carbon 
| 
“ыс 7, 
CHCH CH— ~ 
sec-butyl t-butyl 


SAMPLE PROBLEM 
Name the following compounds: 


сн, GH,CHCH, | 
(а) { _)—©нснсн, (b) CH,CH,CH,CHCH,CH,CH, 


Solution: (a) sec-butylcyclohexane: (b) 4-isopropylheptane 


STUDY PROBLEM 


3.4. Give structures for (a)n-propylcyclohexane; (Б) isobutylcyclohexane; 
(c) 4-t-butyloctane. 


E. Multiple branches | 


If two or more branches are attached to a parent chain, more prefixes are added 
to the parent name. The prefixes are placed alphabetically, each with its number 
indicating the position of attachment to the parent. 


т = | 
CH,CHCHCH,CH, Puget SCHR (| 
CH,CH, CH,CH, | 


3-ethyl-2-methylpentane 3-ethyl-3-methylhexane 
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TEE 
TABLE 3.3. Pretixes tor naming multiple substituents 


Number Prefix 
2 di- 

3 tri- 

4 tetra- 
5 penta- 
6 hexa- 


If two or more substituents on a parent are the same (such as two methyl 
groups or three ethyl groups), these groups are consolidated in the name. For 
example. dimethy/! means “two methyl groups" and triethy/ means “three ethyl 
groups." The prefixes (di-, tri-, etc.) that denote number are listed in Table 3.3. 
In a name, the di- or tri- prefix is preceded by position numbers. If di is used, two 
numbers are required; if iri is used, three numbers must be present. Note the use 
of commas and hyphens in the following examples: 


CH;CH 
єн, gemis 
Vice D 
CH, CH3CH; CH;CH; 
2.2-dimethylpentane 1,3,5-triethylcyclohexane 
SAMPLE PROBLEM 
Name the following compounds: 
| CH,CH,CH, 
CH(CH3); 

(а) СХ [bero CH,CH,CH, 


ы: 
(с) CH,CH;CH;CHCHCH;CH;CH;CH, 
СН(СН,), 


Solution: (a) 1.1-diisopropylcyclohexane ; 

(b) 4-methyl-1.2-dipropylcyclopentane; (с) 4.5-diisopropylnonane. (We 
number a ring so that the prefix numbers are as low as possible. We alphabetize 
dipropyl as prop vl.) 


F. Other prefix substituents 


Like alkyl branches, a few functional groups are named as prefixes to the 
parent name. Some of these groups and their prefix names are listed in Table 3.4. 
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TABLE 3.4. Some substituents named as ргейхез 


Substituent Prefix name 
NO» nitro- 

b fluoro- 
—©1 chloro- 
—Br bromo- 

— iodo- 


The rules governing the use of these prefixes are identical to those for the alkyl 
groups except that the parent is the longest continuous chain containing the func- 
tional group. The position of the functional group is specified by a number (as 
low as possible), and identical groups are preceded by di- or tri-. 


n ad Ol © 
CH;,CH,CHCH,CH, ССС, 
СІ CI 
1-bromo-3-nitropentane 2,2,3,3-tetrachlorobutane 
STUDY PROBLEM 
Give structures for: 
(а) 1,1,2-trichloroethane (b) 1,2-dichloro-4-nitrocyclohexane 


С.  Alkenes and alkynes 


In IUPAC nomenclature, carbon-carbon unsaturation is always designated by 
a change in the ending of the parent name. As we have indicated, if the parent 
hydrocarbon contains no double or triple bonds, the suffix -ane is used. If a double 
bond is present, the -ane ending is changed to -ene; the general name for a hydro- 
carbon with a double bond is alkene. A triple bond is indicated by -yne; a hydro- 
carbon containing this group is an alkyne. 


СН.СН, CH,=CH, HC=CH 
ethane ethene ethyne 
an alkane (trivial name: ethylene) (trivial name: acetylene) 
an alkene an alkyne 


When the parent contains four or more carbons, a prefix number must be 
used to indicate the position of the double or triple bond. The chain is numbered 
so as to give the double or triple bond as low a number as possible, even if a prefix 
group must then receive a higher number. Only a single number is used for each 
double and triple bond; it is understood that the double or triple bond begins at 


A Survey of Organic Nomenclature Section 3.3. 93 


this numbered position and goes to the carbon with the next higher number. Thus, a 
prefix number 2 means the double or triple bond is between carbons 2 and 3, not 
between carbons 2 and 1. 


C=C starts at carbon | C=C starts at carbon 2 
t 
CH;-—CHCH;CH,; CH,CH=CHCH, 
1-Бщепе 2-butene 


d branch precedes the name 
\ 
=> GEL, 
CH,CHCH, CH ,CŒCH 


5-methyl-l-hexyne 


If a structure contains more than one double or triple bond, the name 
becomes slightly more complex. The following example of a diene, a compound 
with two double bonds, shows the placement of the numbers and the di. (Note that 
an a is inserted before di to ease the pronunciation.) 


CH,— CHCH =CH, 


1,3-butadiene 


= а 


i E two double bonds 


four C's 


SAMPLE PROBLEM 


Name the following compounds: 


(а) (CHj,CHCH,CH,CH—CH, (b) CH,=CHCH=CHCH=CH, 
бу CH=CC=CH 


Solution: (a) 5-methyl-1-hexene (b) 1,3,5-hexatriene (с) 1,3-butadiyne 


STUDY PROBLEMS 


3.6. Мате the following compounds: 


(a CH,CH—CH, (b) P (c) C) (d) CH,CH—CHCI 


3.7. Give structures for: 


(a) cyclopentene (b) 1,3-pentadiyne (c) l-methyl-1-cyclobutene 
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H. Alcohols 


In the IUPAC system, the name of an alcohol (ROH) is the name of the parent 
hydrocarbon with the final -e changed to -ol. Prefix numbers are used when neces- 
sary; the hydroxyl group (—OH) receives the lowest prefix number possible. 


a 
CHECHEGHE CH,CH,CH,OH CH,CHCH, 
propane 1-ргорапо! 2-propanol 
E E D 
CH,CHCH,CH, HOCH,CHCH,CH, CH;CHCH,CH,OH 
methylbutane 2-methyl-1-butanol 3-methyl-1-butanol 
=) Г 
cyclopentane cyclopentanol 


l. Amines 


Simple amines (КМН,, R NH, or К, М) are usually named by the name of the 
alkyl group followed by the suffix -amine. A substituent on the nitrogen is 
sometimes preceded with the prefix N- (not n-, the abbreviation for normal-). 


CH,NH, (CH;),NH (CH,),NCH,CH, 


methylamine dimethylamine ethyldimethylamine 
or N,N-dimethylethylamine 


| 
CH,CHCH;CH,CH, 


2-pentylamine 


STUDY PROBLEM 


3.8. (а) Name the following compounds: 


OH 


| 
CHsGEHaGH, CHOR: cm Ун, 


(b) Give the structures of 3-methyl-1-cyclohexanol and n-butylisopropylamine. 


J. Aldehydes and ketones 


Because an aldehyde (RCHO) contains a carbonyl group bonded to a hydrogen 
atom, the aldehyde group must be at the beginning of a carbon chain. The 
aldehyde carbon is considered carbon 1; therefore, no number is used in the name 
to indicate the position. The ending of an aldehyde name is -al. 


O O CH; 
| | | | 
Chal CH;,CH,CH CH ;CHCH,CH 
$ G O 
the aldehyde group propanal 3-methylbutanal 
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A keto group, by definition, cannot be at the beginning of a carbon chain. 
Therefore, except for propanone and a few other simple ketones, a prefix number is 
necessary. The chain should be numbered to give the carbonyl group the lowest 
possible number. The ending for a ketone name is -one. 


О О О 
ES БАЛ, ОЛЫ СЕБИ Сис 
бн, 
the keto group propanone 3-methyl-2-hexanone 


(trivial name: acetone) 


k. Carboxylic acids 


A carboxyl group, like an aldehyde group, must be at the beginning of a carbon 
chain and again contains the first carbon atom (carbon-1). Again, a number 
is not needed in the name. The ending for a carboxylic acid name is -oic acid. 


CH; 
|| | | | 
—COH CH,COH ad mds a 
2 Ч 
СН, 
the carboxyl group ethanoic acid 5,5-dimethylhexanoic acid 
(trivial name: acetic acid) 
STUDY PROBLEM 
3.9. Write structures and names for an aldehyde, a ketone, and a carboxylic acid, 


each containing five carbons in a continuous chain. 


L. Esters 


An ester is similar to a carboxylic acid, but the acidic hydrogen has been replaced 
by an alkyl group. 


О О R instead of Н 
| | cw T 
CH,CO—H CH,CO—GHE 
a carboxylic acid an ester 


The name of an ester consists of two words: (1) the name of the ester alkyl 
group, and (2) the name of the carboxylic acid with the -ic acid ending changed to 
-ate. (The ester alkyl group is always the group attached to the oxygen, while the 
carboxylic acid portion is always that portion containing the carbonyl group.) 


from ethanoic acid О methyl group 
CH,CO—CH, 
methyl ethanoate 


(trivial name: methyl acetate) 
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SAMPLE PROBLEM 


3.10. 


i 
Name the following ester: CH4CH;CH;COCH;CH; 
Solution: Step 1: the ester alkyl group = ethyl 


Step 2: the acid = butanoic acid 
Step 3: the name = ethyl butanoate 


STUDY PROBLEM 


Write the structures for (a) cyclohexyl hexanoate апа (b) t-butyl butanoate. 


M. Benzene compounds 


The benzene ring is considered to be a parent in the same way that a continuous- 
chain alkane is. Alkyl groups, halogens, and the nitro group are named as pre- 
fixes to benzene. 


Q-— Qe Qo. 


isopropylbenzene bromobenzene nitrobenzene 


When a benzene ring is attached to an alkane chain with a functional group 
or to an alkane chain of seven or more carbon atoms, benzene is considered a 
substituent instead of a parent. The name for a benzene substituent is phenyl. 


the phenyl group 2-phenyl-1-ethanol 
(С, н;—) 


CH, 


| 
(С) ненен, 


2-phenyloctane 


N. Conflicts in numbering 


A structure that has more than one type of substituent can sometimes be 
numbered in more than one way. Should the name for CICH,CH=CH, be 
1-chloro-2-propene or 3-chloro-1-propene? To cover such situations, a system of 
priorities for prefix numbers has been developed (Table 3.5); the higher-priority 
substituent receives the lower number. (А more complete list of nomenclature 
priorities is found in Table A8 in the appendix.) 


— 
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TABLE 3.5. Nomenclature priorities of selected functional groups 


Partial structure Name 


— COH -oic acid 
О 
| 
— CH -al 
О 
| 
increasing == -one 
priority —OH -ol 
АВ. -amine 
N и 
=C -ene 
А \ 


poer el. Br. == Ө Cees prefix substituents 


From Table 3.5, we can see that a double bond is higher in priority than Cl. 
When numbering a carbon chain, we give the double bond the lowest possible 
number. The name of CICH; CH=CH, is therefore 3-chloro-1-propene, and not 
1-chloro-2-propene. Similarly, the following compounds are numbered to give 
the higher-priority groups the lower prefix numbers. 


start at end closer to OH start at end closer to C=O 
/ 
th | О 
t * | 
Cl,CHCH,OH CH,CCHCH, 
wW D Ole 


IG 
— — NT Whe 
r 


2,2-dichloro-1-ethanol 3-bromo-2-butanone 


STUDY PROBLEM 
3.11. Маше each of the following compounds: 


i т 
(а) CH,;CH,CCH,CH,CH,NO, (b) (С) enira 


SECTION 3.4 


Alkanes 


Most organic compounds have a portion of their structures composed of 
carbon atoms and hydrogen atoms. A fat is one example of an organic compound 
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with ester groups and with long hydrocarbon chains, which may be alkyl or alkenyl 
(containing a double bond). 


| long hydrocarbon chains 
CH,OC(CH;),,CH; ба 


=a 


— 


| 
CHOQ(CHj,CH, ___ 7 
O / 


/ 
| pe 


CH,OC(CH,),CH=CH(CH,),CH, 


a typical animal fat 


Early chemists did not know the molecular structure of a fat, but they did 
know that many compounds containing long hydrocarbon chains behave similarly 
to fats. (For example, most of these compounds are water-insoluble and are less 
dense than water.) For this reason, compounds with hydrocarbon chains are re- 
ferred to as aliphatic compounds (Greek aleiphatos, “ fat”). (The term aliphatic 
compound is usually contrasted to aromatic compound, such as benzene or a sub- 
stituted benzene.) 


Some aliphatic compounds: 
i 
CH;CHCH;CH; CH4CH;CH;OH CH,CH,NHCH,CH, 


Some of the physical and chemical properties of an aliphatic compound 
arise from the alkyl part of its molecules. Therefore, much of what we have to say 
about alkanes and cycloalkanes is true for other organic compounds as well. Of 
course, the properties of a compound are also greatly determined by any functional 
groups that may be present. For example, a hydroxyl group in a molecule leads to 
hydrogen bonding and a large change in physical properties. Ethane (СН.СН.) is 
a gas at room temperature, while ethanol (CH4CH;OH ) is а liquid. 


A. Physical properties of alkanes 


Alkanes are nonpolar compounds. As a result, the attractive forces between 
molecules are weak. The continuous-chain alkanes through butane are gases at 
room temperature, while the С; to C,; alkanes are liquids (see Table 3.6). The 
continuous-chain alkanes with 18 or more carbon atoms are solids. 

The boiling point of a compound depends, in part, on the amount of energy 
needed by the molecules of that compound to escape from the liquid into the vapor 
phase. The boiling points of the compounds of a homologous series, such as the 
alkanes in Table 3.6, increase by about 30° for each additional methylene (CH;) 
group. This increase in boiling point is due principally to an increase in the van 
der Waals attractions between longer and longer molecules. Other homologous 
series show similar effects. 


CH,I CH,CH,I . CH,CH,CH,I 


iodomethane iodoethane l-iodopropane 
bp 43° bp 72° bp 102° 
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TABLE 3.6. Boiling points of some alkanes 


Structure Вр. °C Structure Bp. C 
CH, — 162 CH,;(CH;),CH, 69 
CH;CH; — 88.5 CH;(CH;);CH; 98 
СН.СН.СН, —42 CH,(CH;),CH, 126 
CH;(CH;),CH; 0 CH,;(CH,)-CH, 151 
CH;(CH;),CH, 36 CH;(CH;)CH; 174 


As we mentioned in Section 1.9A, branching in the hydrocarbon portion of 
a molecule lowers the boiling point from the expected value because of interference 
with van der Waals attractions between the molecules in the liquid state. 

Because they are nonpolar, alkanes are soluble in nonpolar or slightly polar 
solvents such as other alkanes, diethyl ether (CH 4CH;OCH;CH,), or benzene. 
The solubility arises from van der Waals attractions between the solvent and the 
solute. Alkanes are insoluble in water. 

All the alkanes have densities less than that of water, a fact easy to remember 
because we know that gasoline and motor oil (which are principally alkanes) float 
on water. 


B. Chemical properties of alkanes 


Alkanes and cycloalkanes are chemically unreactive compared to organic 
compounds with functional groups. For example, many organic compounds under- 
go reaction with strong acids, bases, oxidizing agents, or reducing agents. Alkanes 
and cycloalkanes generally do not undergo reaction with these reagents. Because 
of their lack of reactivity, alkanes are sometimes referred to as paraffins (Latin 
parum affinis, " slight affinity ”). 

There are two principal reactions of alkanes that we will discuss in this text. 
One is the reaction with halogens, such as chlorine gas. We will present this reaction 
in detail in Chapter 6. The other important reaction of alkanes is combustion. The 
remainder of this chapter will be concerned primarily with the combustion of 
alkanes and their use as a source of energy. 


Halogenation: ultraviolet 
GHe + С nac. СН. С + HCl 
methane chloromethane 
ultraviolet Br 
CH;CH;CH, + Br; RE. ш UMP 4 HBr 
propane 2-bromopropane 
Combustion: 
ВЕ д Or ALR CO, 1 2 io 
carbon dioxide 
spark 


CH,OH;CH, +50, 3 00, + 4HJo 
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C. Combustion 


Combustion is the process of burning— that is, the rapid reaction of a compound 
with oxygen. Combustion is accompanied by the release of light and heat, two 
forms of energy that humans have sought since they first built a fire and found that 
it kept them warm. Although we will present the subject of combustion under the 
heading of alkanes, keep in mind that almost all organic compounds can burn. 

Combustion of organic mixtures, such as wood, is not always a simple con- 
version to СО, and H,O. Instead, combustion is the result of a large number of 
complex reactions. One type of reaction that occurs is pyrolysis, the thermal 
fragmentation of large molecules into smaller molecules in the absence of oxygen. 
Pyrolysis of large molecules in wood, for example, yields smaller gaseous molecules 
that then react with oxygen above the surface of the wood. This reaction with 
oxygen gives rise to the flames. On the surface of the wood, a slow, but very hot, 
oxidation of the carbonaceous residue takes place. Most of the heat from a wood 
or coal fire results from this slow oxidation, rather than from the actual flames. 

Complete combustion is the conversion of a compound to CO, and Н,О. 
If the oxygen supply is insufficient for complete combustion, incomplete combustion 
occurs. Incomplete combustion leads to carbon monoxide, or sometimes carbon 
as carbon black or soot. 


Incomplete combustion: 


carbon 
monoxide 


CH.CH.,OH: +20, зе THEO 


carbon 


D. Heat of combustion 


The energy released when a compound is oxidized completely to CO; and 
H,O is called the heat of combustion AH. Under controlled laboratory conditions, 
AH may be measured. (As we described in Section 1.7, the value for AH is negative 
when energy is liberated because the molecules have lost energy.) 


CH, +20, — СО,+2Н,О + 213 kcal/mole 
methane 


2 CH.GHMÉHSCH$ 113,0, 


butane 


8 СО, + 10 H,O + 688 kcal/mole 


Values for heats of combustion (Table 3.7) depend primarily upon the number 
of carbon and hydrogen atoms in a molecule. In a homologous series, the energy 


TABLE 3.7. Heats of combustion for some hydrocarbons 


Name — AH, kcal/mole Name — AH, kcal mole 
methane 213 cyclopropane 500 
ethane 373 cyclobutane 656 
propane SO cyclopentane 794 


butane 688 cyclohexane 944 
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liberated increases by about 157 kcal mole for each additional methylene group. 
The heat of combustion of a compound may also reflect unusual bonding charac- 
teristics. For example, cyclohexane has a AH of —944 kcal/mole, or — 157 kcal 
per methylene group. the same value observed for open-chain alkanes. However, 
cyclopropane has a AH of — 167 kcal per methylene group, a higher value than that 
for an open-chain alkane. (We will discuss the reason for this in Section 4.4A.) 


Qm 


cyclohexane 


2A +90; 


cyclopropane 


6 CO, + 6 H;O + 157 kcal mole per CH, group 


6 CO, + 6 H,O + 167 kcal mole per CH, group 


SECTION 3.5. 


The Hydrocarbon Resources 


A. Natural gas and petroleum 


Natural gas, which is 60-907, methane depending on its source, has been 
formed by the anaerobic decay (decay in the absence of air) of plants. The other 
components of natural gas are ethane and propane, along with nitrogen and carbon 
dioxide. Natural gas found in the Texas panhandle and in Oklahoma also is a 
source of helium. Deposits of natural gas are usually found with petroleum de- 
posits. 

Petroleum has been formed by the decay of plants and animals, probably 
of marine origin. Crude petroleum, called crude oil, is a complex mixture of ali- 
phatic and aromatic compounds, including sulfur and nitrogen compounds 
(1-6°;). In fact, over 500 compounds have been detected in a single sample of 
petroleum. The actual composition varies from deposit to deposit. 

Because of its complexity, crude oil itself is not very useful. Separating the 
crude oil into useful components is called refining. The first step in refining is a 
fractional distillation. called straight-run distillation. The fractions that are collected 
are listed in Table 3.8. 


TABLE 3.8. Fractions of straight-run distillation 


Boiling Number of 
range. C carbons Name Use 
under 30 1-4 gas fraction һеайпр fuel 

30-180 5-10 gasoline automobile fuel 
180-230 11-12 kerosene jet fuel 
230-305 13-17 gas oil diesel fuel. heating fuel 
305-405 18-25 heavy gas oil heating fuel 


Residue: (1) Volatile oils: lubricating oils, paraffin wax, and petroleum jelly. 
(2) Nonvolatile material: asphalt and petroleum coke. 
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The gasoline fraction of straight-run distillation is too scanty for the needs 
of our automobile-oriented society, and straight-run gasoline is usually of poor 
quality. To increase both quantity and quality of the gasoline fraction, the higher- 
boiling fractions are subjected to cracking and reforming. 

Catalytic cracking is the process of heating the high-boiling material under 
pressure in the presence of a catalyst (finely divided, acid-washed aluminum 
silicate clay). Under these conditions, large molecules are cracked, or broken, into 
smaller fragments. 

Steam cracking is a technique for converting alkanes to alkenes, and catalytic 
reforming converts aliphatic compounds to aromatic compounds. The alkenes 
and aromatics formed in these cracking and reforming procedures are used as 
starting materials for making plastics and other synthetic organic compounds. 
The following represents just a sample of the many reactions that can occur in 
cracking and reforming. 


CH,CH,CH,CH,CH, + CH,—CH, 


pentane ethene 


(ethylene) 
(Ось, ae 4 H, 


methylbenzene 
(toluene) 


CHCH CHCH CH CHCH; 
heptane 


The high-compression engines in automobiles are relatively efficient for 
their weight, but in these engines continuous-chain hydrocarbons burn unevenly 
and cause knocking, the ticking noise heard when a car accelerates uphill. Knock- 
ing decreases the power output of the engine and decreases the life of the engine 
through wear and tear. Quality automobile fuels contain branched alkanes and 
aromatic compounds, which burn more evenly than continuous-chain compounds. 
Fortunately, cracking procedures provide both branched alkanes and aromatics. 

At one time, isooctane (a trivial name) was the alkane with the best anti- 
knock characteristics for automobile engines, and heptane was the poorest. 
These two compounds were used to develop an octane rating of petroleum fuels. 


CH, CH, 

оа CH,(CH,),;CH3 
CH, 

2.2.4-trimethylpentane heptane 


(“isooctane”) 


To rate the quality of a gasoline, the fuel is compared with a mixture of iso- 
octane and heptane and given an octane number. Ап octane number of 100 means 
that the gasoline is equivalent in burning characteristics to pure isooctane. Gaso- 
line with an octane number of 0 is equivalent to pure heptane. An octane number of 
75 is given to gasoline that is equivalent to a mixture of 75% isooctane and 25°, 
heptane. 

Additives are also added to gasoline to decrease engine knock and increase 
octane ratings. The best-known additiveis Ethy/fluid, which contains approximately 
65% tetraethyllead; 25°, 1,2-dibromoethane; and 10% 1,2-dichloroethane. The 


The Hydrocarbon Resources Section 3.5. 103 


halogenated hydrocarbons are essential for conversion of the lead to the volatile 
lead bromide, which is removed from the cylinder in the exhaust. 


(CH,CH,;),Pb BrCH,CH,Br CICH;CH;CI 
tetraethyllead 1 2-dibromoethane 1,2-dichloroethane 
(ethylene dibromide) (ethylene dichloride) 


A gasoline engine puts forth a variety of pollutants: unburned hydrocarbons, 
carbon monoxide, and nitrogen oxides. The presence of tetraethyllead in the 
gasoline adds lead compounds to the list of pollutants. Catalytic converters have 
been installed in many automobiles to convert nonoxidized and partially oxidized 
compounds to more-highly oxidized and acceptable forms of exhaust. For example, 
a catalvtic converter oxidizes unburned hydrocarbons and carbon monoxide to 
carbon dioxide and water. The platinum catalyst used in these converters is 
" poisoned " (made nonfunctional) by lead compounds; therefore, leaded gasoline 
should not be used in cars equipped with catalytic converters. 

The octane number of gasoline can be increased by the addition of other 
compounds besides Ethyl fluid. Benzene (octane number 106) is routinely added to 
gasoline for this purpose. Ethanol; t-butyl alcohol, (CH4),COH; and t-butyl 
methyl ether, (CH3),COCH,;, may also be used to increase the octane rating. 
(А mixture of approximately 90°, gasoline-10% ethanol is popularly called 
"gasohol.") 


B. Coal 


- 


Coal is formed by the bacterial decomposition of plants under varying degrees of 
pressure. Coal is classified by its carbon content: anthracite, or hard coal, contains 
the highest carbon content, followed by bituminous (soft) coal, lignite, and, 
finally, peat. Because some coals also contain 2-6% sulfur, the burning of coal 
can lead to severe air pollution and "acid rain." 

When coal is subjected to heat and distillation in the absence of air, a process 
called destructive distillation, three crude products result: coal gas (primarily 
CH, and H,), соа! tar (the condensable distillate), and coke (the residue). Both 
coal gas and coke are useful fuels. (Today, coke 1$ used primarily in the manu- 
facture of steel.) Coal tar is rich in aromatic compounds, which are formed in the 
destructive distillation. 


Some of the aromatic compounds found in coal tar: 


О» «О» OO 


Until petroleum became plentiful and cheap in the 1940s, coal was а primary 
source of synthetic organic compounds. Currently, however, over 90% of the 
organic chemicals produced in the United States are synthesized from petroleum. 
The reasons for the switch to petrochemicals are that petroleum-refining processes 
are less costly and also that these processes give rise to less pollution than most 
coal-refining processes. Unfortunately, the world's petroleum resources are 
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rapidly being depleted and becoming more expensive, while the coal reserves of 
the world are still very extensive. Economical ways to convert coal to useful fuels 
and chemicals (with a minimum of air pollution) are under investigation at the 
present time. 

The conversion of coal to gaseous or liquid fuels, called synthetic fuels or 
"syn fuels," is referred to as coal gasification or coal liquefaction, respectively. 
Many gasification plants use the German-developed Lurgi process, or modifica- 
tions of this technique, in which a bed of coal is treated with steam at high tem- 
peratures to yield synthesis gas (CO + H5). Synthesis gas itself is only a moderately 
efficient fuel, and carbon monoxide is highly toxic. Thus, synthesis gas is treated 
with additional hydrogen to yield methane. 


Coal gasification: 
2H, 
C + НО Ел Е о Gr, ee 
—— —— 
coal steam "synthesis gas " methane 


The liquefaction of coal is its conversion to liquid alkanes. The classical 
process for accomplishing this conversion is the Fischer-Tropsch synthesis, 
which was developed in Germany during World War II. The Republic of South 
Africa synthesizes most of its gasoline and organic chemicals by this process. 


Coal liquefaction (Fischer—Tropsch synthesis): 


H; 
heat 7 
€ 4 во = „= жщ аш е NE 
Li heat, pressure 
coal steam 


Because coal reserves, too, are finite, other sources of hydrocarbons are being 
investigated and developed. These include oil shale in the United States; tar 
sands in the Athabasca basin in Alberta, Canada; and biological sources, such as 
agricultural wastes and plants of the Euphorbia genus (succulents with a high 
percent of hydrocarbons in their sap). 


3.12. 


3.13. 
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Summary 


Compounds with the same molecular formula, but different structures (order of 
attachment of the atoms), are structural isomers of each other. 

The IUPAC system of nomenclature is based on the names of the continuous- 
chain alkanes as parents. If a hydrocarbon chain forms a ring, the prefix сус/о- 
is added to the alkane name. Branches and functional groups are indicated in a 
name by prefixes or suffixes. 

The longest continuous chain containing the functional group (if any) is the 
parent. The chain is numbered from the end nearer to the branches or functional 
groups. (The functional group of highest priority, as listed in Table 3.5, receives 
the lowest number.) Positions of substitution on the chain are then specified by 
these numbers. 


Q Ф 
1.4-dichloro-4-methyl-2-pentene: CH; cce —CHCH;CI 


CH, 


The principal reactions of alkanes are halogenation and combustion. The 
heat of combustion of an alkane (or other compound) is the result of a decrease in 
bond energies between the original compound and the products СО, + Н,О. 

Petroleum is the world’s principal source of gasoline and organic chemicals 
today. Alkanes, alkenes. and aromatic compounds are obtained by refining: 
straight-run distillation, cracking, and reforming. In the future, coal-gasification 
or coal-liquefaction processes may be the principal sources of methane and other 
alkanes. 


STUDY PROBLEMS 


Which of the following compounds are unsaturated? 


(a) CHjCN (b) CY (c) © 


(d) CH,CH;CH-CH,; (e) CH,;CH,CH,OH (f) CHCH CHO 


Write a formula for one structural isomer of each of the following compounds. (If no 
structural isomer exists, indicate this fact.) 


(a) А (b) BrCH,CH,Br (с) CH,OH 


Ї ji 
(d) HCH (e) CICH,Br (f) HCOH 
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3.14. 


3.15. 


3.16. 


3.17. 
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Which of the following pairs of structures represent structural isomers? 
[pi 
(а) CH,CH,CH,CH,CH,OH, а 25у 


е Й 
(b) Ho осн, сњо-( он 
| à 
(c) (CHj,CCL CH,CH 
CH,CI 
OH 


| 
(d) сиы: ыз ае 
СН, CH; 


qi "d 
(e) CH,CHCH,CH,. CH,CH,CHCH, 
HO OH 


o C yo 


Write structural formulas for the indicated compounds: 


HO 


(a) five structural isomers for С.Н, 

(b) all the isomeric alcohols for С,Н,,О 
(c) all the isomeric amines for C4H,,N 

(d) all the structural isomers for C,;H,BrCl 
(e) all the structural isomers for C,H, 


In the following list of structures, which are structural isomers of each other and which are 
the same compound? 


(a) СЕСЕ ЕН Ен. (b) СН,СН(СН,С)СН›СН, 
(c) CH;C(CH,),CH,CH,OH (d) CH,CHCICH,CH, 
(e) CH,CICH(CH,)CH,CH, (f) CH,CHCICHCICH, 


What is the molecular formula and the general formula (e.g., C,H ,) for each of the 
following compounds? 


CH, 


| 
(a) єн,—с—6Сн, (b) Cn 


СНС, 


3.18. 


3.19. 


3.20. 


3.21. 


3:22. 


3.23. 


3.24. 


3.25. 
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(©) CH,—CHCH-CHCH.CH(CH,, (d) 


Write the formula for one structural isomer of each of the following compounds: 


О 
WA Ы oe of? «we 
О 


For each of the following compounds, write the structural formula of an isomer that has а 
different functional group (see Problem 3.2, page 84). 


i | 
(а) Q (b) HOCH;CH (с) HCCH;CH, 


Arrange the following structures into a homologous series: 
(а) СН,СН.СН.СН.СН.ОН (b) CH,OH (c) СН.СН.СН.ОН 
(d) CHCH OH (e) CH,CH,CH,CH,OH 


Write structural formulas for a homologous series of alky! bromides (monobromoalkanes) 
from С; to Cio- 


Give the condensed structural (or polygon) formula of each of the following compounds: 
(а) 2.2-dimethyloctane; (Б) 3.4-diethylheptane: (с) 4-ethyl-2.4-dimethylnonane; 

(d) 1,3-diisopropylcyclohexane: (е) sec-butylcyclopentane: (f) r-butylbenzene: 

(g) isobutylcycloheptane: (h) -methyl-3-pentyleyclohexane; (1) 4-isopropylheptane. 


Write the IUPAC name for each of the following compounds: 


CH, 
CH, 


(e) CH4CH.CH;C(CH,,CH,C(CH,, (f) [(CH);C],CHCH, 


Each of the following names is incorrect. Give a more suitable name in each case. 
(а) 3-propylpentane: (b)6-methyloctane; (с) r-butyImethane ; 
(d) 3-methy1-3-ethyl-4-methvldecane. 


Write structural formulas for the following compounds, each of which contains a total of 
six carbons in its structure. (There may be more than one correct answer.) 


(a) a ketone with a methyl branch 

(b) acontinuous-chain ketone 

(c) acyclic ketone with a methyl branch 
(d) a cyclic ketone with no branches 
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3.26. 


3.27. 


3.28. 


3.29. 


3.30. 


3.31. 


3.32. 


3.33. 
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Draw structures for five-membered carbon rings with the following branches: (а) propyl; 
(b) isopropyl; (c) butyl; (d)isobutyl; (e)sec-butyl; (0) ¢-butyl; (g)cyclobutyl; 
(h) pentyl. 


Circle and name the functional groups in the following structures: 
OH 

(a) CB SÉ СОН, (b) Та E. 
О 


| 
о CH 


О 
(с) О (4) | | 
CH,CH, 


(0651 


Give structures for all the monochloro isomers of the following alkanes: (а) n-pentane; 
(b) cyclopentane; (с) 2,2-dimethylbutane; (d) 2,2-dimethylpropane. 


Write an IUPAC name for each of the following structures: 


CL. с] 

(a) Cl CI (b) CH,CICHCI, 
с\ С 

(c) (CH,&,CBrCCKCH,), (d) CH,NO, 


Write the formula for each of the following names: (а) 1-bromo-1,2-diphenylpropane; 
(b) hexachloroethane; (с) 2-iodo-l-octanol; (d) 1,1-dichloro-3-methylcyclohexane. 


Write IUPAC names for the following compounds: 


(а) CH,CH,CH=CHCH, (Ы) (CH;),C=CHCH, 


ie 
(с) M (d) CH,=CHC=CHCH=CH, 
(б) CH,C=ccH, ® а,с=ена 


“О О 


Give the IUPAC name and structure for (a) a continuous-chain seven-carbon aldehyde; 
(b) a two-carbon carboxylic acid that contains two Cl atoms; (с) a continuous-chain, 
nine-carbon ketone that is symmetrical (the carbonyl group is in the center). 


Write the IUPAC name for each of the following structures: 
[m 
(a  CH,4CH-CHCHCCI, (b CH,=CHCH,NO, 


3.34. 


3.35. 


3.36. 


3.37. 


3.38. 


3.39. 


3.40. 


3.41. 


3.42. 


3.43. 


3.44. 
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O 


|] 
(с) (С) нени, (d) чынан, 


CI 


Write the formula for each of the following compounds: (a) isopropyl propanoate; 
(b) 4.4-diethyl-3-methyloctanal: (с) l-cyclohexyl-1-ethanol. 


(a) From the data in Table 3.7 (page 100), predict the heat of combustion of octane. 
(b) From these data, could you also extrapolate the heat of combustion of 
2-methylheptane? Explain. 


Which one of each of the following pairs of structural isomers would you expect to have the 
higher boiling point: (a) hexane or 2.2-dimethylbutane? (b) 2-butene or methylpropene? 
(c) I-pentanol or 2.2-dimethyl-1-propanol? Why? 


Methanol is often added to automobile gas tanks in the winter to prevent the gas line from 
freezing. The freezing point of gasoline 15 somewhere around — 50°С, far below the 
temperature of any anticipated cold spell. Suggest: (а) why a gas line might freeze, and 
(b) how methanol could help prevent this. 


A chemist determines that a compound with the molecular formula C,H,O is a ketone. 
What are the possible structures for this compound? 


An alcohol with no carbon-carbon double bonds has the formula C,H,O. What are the 
possible structures? 


What are the possible structures for a carboxylic acid with the molecular formula C,H,O,? 


A four-carbon compound contains an aldehyde group and a carboxyl group. What 
are two possible structures for this compound? 


A compound with the formula C,H40, contains at least one carbonyl group. The 
compound does not contain a hydroxyl group; an alkoxyl group (—OR in an ether or 
ester); or a carbon-carbon double bond. The compound is not acidic. What are the possible 
structures for this compound? 


(a) Complete, but do not balance, the following equation, showing all possible 
monochlorinated products: 


ultraviolet light 


CH;CH;CH,; E Ci; а 


(b) For the equation in (a). show all possible dichlorinated products. 


(c) If the substitution of Cl for Н were completely random for the reaction in (a), what 
would be the ratio of isomeric products? 


On page 102, we show the cracking of heptane to yield pentane and ethylene. What other 
cracking products could be obtained? (Use equations in your answer.) 


A mixture of n-hexane, n-heptane, and n-octane is subjected to dehydrogenation (loss of H;) 
by treatment with heat and an appropriate catalyst. What aromatic compounds are likely to 
result? (Used balanced equations in your answer.) 


СНАРТЕК 4 


Stereochemistry 


onem. is the study of molecules in three dimensions—that is, how 
atoms in a molecule are arranged in space relative to one another. The three 
aspects of stereochemistry that will be covered in this chapter are: 


1. Geometric isomers: how rigidity in a molecule can lead to isomerism; 
2. | Conformations of molecules: the shapes of molecules and how they can 
change; 


3. Chirality of molecules: how the right- or left-handed arrangement of 
atoms around a carbon atom can lead to isomerism. 


It is often difficult to visualize a three-dimensional molecule from a two- 
dimensional illustration. Therefore, in our discussions of stereochemistry here 
and in subsequent chapters, we strongly urge you to use a set of molecular models. 


SECTION 4.1. 


Geometric Isomerism in Alkenes 


In Chapter 3, we defined structural isomers as compounds with the same 
molecular formula but with different orders of attachment of their atoms. Struc- 
tural isomerism is only one type of isomerism. А second type of isomerism is 
geometric isomerism, which results from rigidity in molecules and occurs in only 
two classes of compounds: alkenes and cyclic compounds. 

Molecules are not quiet, static particles. They move, spin, rotate, and flex. 
Atoms and groups attached only by sigma bonds can rotate so that the overall 
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shape of a molecule is in a state of continuous change. However, groups attaehed 
by a double bond cannot rotate around the double bond without the pi bond being 
broken. The amount of energy needed to break a carbon-carbon pi bond (about 
68 keal mole) is not available to molecules at room temperature. Because of the 
rigidity of a pi bond, groups attached to pi-bonded earbons are fixed in space 
relative to one another. 

We usually write the strueture for an alkene as if the sp? earbon atoms and the 
atoms attached to them are all in the plane of the paper. In this representation, we 
ean visualize one lobe of the pi bond as being in front of the paper and the other 
lobe of the pi bond as being underneath the paper, behind the front lobe (see 
Figure 4.1). 


pi bond 
H , H H H H CI 
Ne "E N Я S A 
CE or C=C is different from C=C 
2% XS 4 AS РА 
СІ СІ CI CI Cl H 


zi ES d 
top view N p C" iind 
\ opposite sides 


same side 


FIGURE 4.1. The groups attached to sp? carbons are fixed in relation to one another. 


In Figure 4.1, we show a strueture with two Cl atoms (one on each sp? 
earbon) on one side of the pi bond and two H atoms on the other side. Because the 
double bond is rigid, this molecule is not readily intereonvertible with the com- 
pound in which the Cl atoms are on opposite sides of the pi bond. 

Two groups on the same side of the pi bond are said to be cis (Latin, “оп the 
side"). Groups on the opposite sides are said to be trans (Latin, “аего$$”). Note 
how the cis or trans designation is incorporated into the name. 


Cl ‘Gl CI H 
еи = А 
я un p < 
Н H H С! 
cis-1,2-dichloroethene trans-1,2-dichloroethene 
bp 60° bp 48* 


The cis- and trans-1,2-diehloroethenes have different physieal properties 
(such as boiling points); they are different compounds. However, these two 
compounds are not structural isomers beeause the order of attaehment of the 
atoms and the location of the double bond are the same in each compound. 
This pair of isomers falls into the general category of stereoisomers: different 
compounds that have the same structure, differing only in the arrangement of the 
atoms in space. This pair of isomers falls into a more speeifie eategory of geometric 
isomers (also ealled cis, trans-isomers): stereoisomers that differ by groups being 
on the same side or on opposite sides of a site of rigidity in a molecule. 

The requirement for geometrie isomerism in alkenes is that each earbon atom 
involved in the pi bond have two different groups attached to it, such as H and CI, 
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or CH, and Cl. If one of the carbons of the double bond has two identical groups, — — 
such as two Н atoms or two CH, groups, then geometric isomerism is not possible. — — 
(We urge you to make molecular models and verify for yourself this requirement | 
of geometric isomerism.) 


Geometric isomers: 


«is аны Ges p 
с=с апа с=с 
A NS 4 — 
H H H CH GHS 
cis-2-pentene lrans-2-pentene 
CI CH Cl H 
^c C a d ^c с^ 
== а == 
к n С EN 
H H H CH; 
cis-1-chloro-1-propene irans-|-chloro-l-propene 


Not geometric isomers: 


H CH,CH H CH 
N "on DD ` аа 
с=с is the same as C=C 
2 N d 
H CH, H CH,;CH, 
Cl GH; H CH; 
D 2 А SS p 
C=C is the same as C=C 
я ES ie NS 
H CH, Gl Cle 


SAMPLE PROBLEMS 


Label each of the following pairs of structures as structural isomers of each other, 
as geometric isomers of each other, or as the same compound: 


СІ H H CH,Cl 
Sy 74 SS x 
(a) C=C C=C 
d ps 7A м 
Н CH,Cl Cl H 
CH,;CH, CH,CH CH H 
3 хе 4 2 3 NS Á 
(b) C=C =C 
2 DN g N 
H H H STISGH GE, 
H H GIL ан H 
N A N 22 
(с) == CSC 
ДА N d EN 
CH,—CH CH, H CH, 
Solution: 


(a) same compound (H's trans to each other in each): 

(b) structural isomers (position of double bond is different ; each structural | 
isomer has a geometric isomer): 

(c) geometric isomers (the first is cis; the second is trans). 


n че MN ш: БЕСА ЕСЕ 
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Why does the dry-cleaning solvent trichloroethene (Cl;C—CHCI) not have 
geometric isomers ? 


Solution: Exchanging апу two groups in the structure does not give a different 
isomer. For geometric isomers to exist, there must be two different groups 
attached to each carbon of the double bond. 


CI H а al 
(C= € 15 the same as C=C 

Р BN rut BN 
Cl Cl Cl H 


Is geometric isomerism around a triple bond possible? 


Solution: No. The groups attached to an sp carbon lie in a line. There is no 
"same side" or "opposite side." 


А. (Е) апа (Z) system of nomenclature 


When there are three or four different groups attached to the carbon atoms 
of a double bond, a pair of geometric isomers exists, but it is sometimes difficult 
to assign cis or trans designations to the isomers. 


Br F 
N 
C= 
y S 
I CI 


cis or Irans? 


In our example, we can say that Br and СІ are rrans to each other, or that I 
and Cl are cis to each other. However, we cannot name the structure in its entirety 
as being either the cis or the trans isomer. Because of the ambiguity in cases of this 
type, a more general system of isomer assignment has been devised, called the 
(E) and (Z) system. In practice, geometric isomers frequently are named by the cis 
and rrans system if possible; the (E) and (Z) system is generally used only for those 
compounds that cannot be designated cis or trans. 

The (£) and (Z) system is based on an assignment of priorities (not to be 
confused with nomenclature priorities) to the atoms or groups attached to each 
carbon of the double bond. If the higher-priority atoms or groups are on opposite 
sides of the pi bond, the isomer is (Е). If the higher-priority groups are on the same 
side, the isomer is (Z). (The letter Е is from the German entgegen, "across"; the 
letter Z is from the German zusammen, “‘together.’’) 

If the two atoms on each double-bond carbon are different, priority is based 
on the atomic numbers of the single atoms directly attached to the double-bond 
carbons. The atom with the higher atomic number receives a higher priority. In our 
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example, I has a larger atomic number than does Br; I is of higher priority. On the 
other carbon of the double bond, Cl is of higher priority than Е. 


F CI Br 1 
atomic number: 9 17 35 53 
increasing priority 


Br F B 
l higher priority М / CI higher priority bd e 
than Br -E than F yo 
~ E. —- 1 Е 
(Z)-1-bromo-2-chloro- (E)-1-bromo-2-chloro- 
2-fluoro-1-iodoethene 2-fluoro-1-iodoethene 


SAMPLE PROBLEMS 


Is the following structure (E) or (Z)? 


1 CI 
E я 


Solution: On one carbon of the double bond, the Cl has a higher priority than Н. | 
On the other carbon, 1 is of higher priority than Cl. The higher-priority atoms 

are on opposite sides; therefore, the isomer is (E). Its name is 

(£)-1.2-dichloro-1-iodoethene. 


Name the following compound by the (£) and (Z) system: 
н. Pec 


2 x 
H,C С 


Solution: Theleft-hand carbon of the double bond has ап Н and a C attached 
to it: the C has the higher priority. The right-hand carbon has a Cl and a C 
attached to it; the CI has a higher priority. (Look at the single atoms directly 
attached to the doubie-bond carbon: C, and not the entire — CH;CH;CH; 
group.) The higher-priority atoms are on the same side. The compound is named 
(Z)-3-chloro-2-hexene. 


STUDY PROBLEM 


4.1. Name the following compounds by the (E) and (Z) system: 
ыл Е . T № 
(a) =з (b) pr 
H Cl Cl Cl 
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B. Sequence rules 


Determination of priorities by atomic number alone cannot handle all cases. 
For example, how would we name the following compound by the (£) and (Z) 
system? 


HG CHCH, 
I prt 


А Ss 
H Он, 


To handle such а case, and others like it, a set of sequence rules to determine 
order of priority has been developed. These priority rules form the basis of the 
Cahn-Ingold-Prelog nomenclature system, named in honor of the chemists who 
developed the system. 


Sequence rules for order of priority: 


1. Ifthe atoms in question are different, the sequence order is by atomic 
number, with the atom of highest atomic number receiving the highest 
priority. 


Е Cl Br 1 
increasing priority 


2. If two isotopes of the same element are present, the isotope of higher mass 
receives the higher priority. 


18. erH іН, or D 
hydrogen deuterium 
increasing priority 


3. If two atoms are identical, the atomic numbers of the next atoms are used 
for priority assignment. If these atoms also have identical atoms attached 
to them, priority is determined at the first point of difference along the 
chain. The atom that has attached to it an atom of higher priority has the 
higher priority. (Do not use the sums of the atomic numbers, but look for 
the single atom of highest priority.) 


- Lin Po ое ad Cl gives this group 
4 H Е 3 
| higher priority 
N = 
` H H НЕ Ce 
гс” СН | 
Lb p eg paccm 
H C=C с=с 
в / N 7 x 
ee H H CH,CH, 
HS / H two H's and one C 
gei ——— the C gwes this group a... 


higher priority 


H CH,CH, 
(E)-3-methyl-2-pentene (Z)-6-chloro-3-pentyl-2-hexene 
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4. Atoms attached by double or triple bonds are given single-bond 
equivalencies so that they may be treated like single-bonded groups in 
determining priority. Each doubly bonded atom is duplicated (or 
triplicated for triple bonds), a process better seen in examples. 


Structure Equivalent for priority determination 
O O 
ue m 
ос 
О О 
ы R—C—OH 
б—с 
T C 
c= нем 
| C 
N 
ELE 
R,C=CR, aig 
C С 
(С) R C 
C 
C C 


By this rule, we obtain the following priority sequence: 


О 
| 


1 gd 
—CH-CR; <C) —CN —CH,OH БЁН — 5 —COH 


aldehyde ketone 


increasing priority 


SAMPLE PROBLEMS 


List the following atoms or groups in order of increasing priority (lowest priority 
first): 


Solution: Increasing atomic number of the attached atom (N, H, C, CI) gives 
increasing priority: Н, СН,, МН,, Cl. 


List the order of priority of the following groups (lowest to highest): 
—СО,н — COCH; — CH,OH — OH -H 
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Solution? Following the sequence rules 


= CHOH CO,H GOLGI, OH 


мо 


Which group i5 of higher priory, the n-butyl group or 1he isoburM group? 


Solution: The first carbon i$ rhe same in each (two Н and one C attached). 


» 


—CH,CH.CH,.CH, —CH,CH(CH у), 


Therefore. we proceed 1o 1he second carbon und we find that the isobutyl group 


rs of higher priority 


H H 
—CH,C@H,.CH, -CHOB н, 
H ВН, 
The n-buts! group has The isobutyl group has 
one € and two H's at two C's and one H at 
the first point of € first point of 
difference difference 


STUDY PROBLEM 


4.2. Tell whether each of the following compounds is (Е) or (Z): 


D H Н.С CH;CH,; 
ps РА ае AL 
(a) E (b) C=C 
7 М. 7 ES 
H D H СН, 
О 
| ан CI 
СН.СН CH,C 2 
a E еп; 3 М А 2 
(с) pu (d) = x 
H СН(СН,); CICH; CI 


SECTION 4.2. 


Geometric Isomerism in Cyclic Compounds 


We have seen how restricted rotation around a double bond can lead to 
geometric isomerism. Let us now consider restricted rotation in cyclic com- 
pounds. 

Atoms joined in a ring are not free to rotate around the sigma bonds of the 
ring. Rotation around the ring sigma bonds would require that attached atoms or 
groups pass through the center of the ring, and van der Waals repulsions prevent 
this from happening unless the ring contains ten or more carbon atoms. The most 
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common rings in organic compounds arc five- and six-membered rings; therefore, 
wc will concentrate our discussion on rings of six and fewer carbon atoms. 


= 
groups cannot y De CHCH a group can 
F 
rotate completely VA E " rotate completelh 
around ring bonds = z around this bond 
H 


For the moment, we will assume that the carbon atoms of a cyclic structure 
such as cyclohexane form a plane. (While this is not strictly correct, as we will show 
later in this chapter, it 1s often convenient to assume that they do lie in a plane.) 
For the present discussion, we will view the plane of the ring as being almost hori- 
zontal. Thc edge of the ring projected toward us is shaded more heavily. 


P 
— 

Each carbon atom in the cyclohexane ring is joined to its neighboring ring 
carbon atoms and also to two other atoms or groups. The bonds to these two other 
groups are represented by vertical lines. A group attached to the top ofa vertical line 


is said to be above the plane of the ring, and the group attached to the bottom of a 
vertical line is said to be below the plane of the ring. 


abore the plane 
<) { 


| == below tlie plane 


away from riewer 


2 toward riewer 


In this symbolism, hydrogen atoms attached to the ring and their bonds are 
not always shown. 


CH, H Сн, 
Is the same as 
H H 
OH 


H OH 


Another way of showing how groups are attached to the ring is by using а 
broken wedge to indicate a group below the plane of the ring, and a solid line bond 
or a wedge to represent a group above the plane. 


бен above the plane ——— я 
EH, H,C 


SN | | 


below tlie plane 


= ШШ иш: 


zl 
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Descriptions of substituents as being "above the plane" or "below the 
plane " are correct for only a particular representation of a structure. A molecule 
can be flipped over in space and the descriptions reversed. 


2 
flip over | 
| | 
H AC ; 


OH 


The important point is that, in all of the preceding formulas, the methyl 
group and the hydroxyl group are on opposite sides of the plane of the ring. When 
the two groups are on opposite sides of the ring, they are trans; when they are on 
the same side, they are cis. These designations are directly analogous to cis and 
trans in alkenes. The cis- and trans-compounds are geometric isomers of each 
other, just as cis- and trans-alkenes are. 


CH, | 
| 
| GH, 
OH OH 


tranš-2-methyl-1-cyclohexanol cis-2-methyl-l-cyclohexanol 


SAMPLE PROBLEM 


Tell whether each of the following compounds ts cis. trans. or neither: 


HO О 
(а) (b) CI = ууз (с) p 
» NW CO,H 


CO.H 


Solutron: (a) trans: (b) neither (because the benzene ring and ils substituents are 
in the same plane. the substituents cannot be up or down): (c) cis. 


STUDY PROBLEM 


4.3. Draw formulas for 1he geomeiric isomers of 2-isopropyl-5-methyl-1-cyclohexanol 
(commonly called тенто). which is used in cigarettes and 1һгоа1 lozenges. 


SECTION 4.3. 


Conformations of Open-Chain Compounds 


In open-chain compounds, groups attached by sigma bonds can rotate around 
these bonds. Therefore. the atoms in an open-chain molecule can assume an 
infinite number of positions in space relative to one another. Ethane is a small 
molecule, but even ethane can assume different arrangements in space, called 
conformations. 
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H H 
H 
He um Е H H 
«С—С i H 
H № x H H 
H H H H H 
dimensional formula ball-and-stick formula Newman projection 
(end-on) 


FIGURE 4.2. A dimensional formula, a ball-and-stick formula, and a Newman projection 
of ethane. 


To represent conformations, we will use three types of formulas: dimensional 
formulas, ball-and-stick formulas, and Newman projections. (We suggest that you 
also use models to compare different conformations.) A ball-and-stick formula 
and a dimensional formula are three-dimensional representations of the molecular 
model of a compound (see Figure 4.2). A Newman projection is an end-on view 
of only two carbon atoms in the molecule. The bond joining these two carbons is 
hidden. The three bonds attached to the front carbon appear to go to the center of 
the projection, and the three bonds of the rear carbon are only partially shown. 


H H 
иш H H H H 
H H H H 
H H 
bonds from the bonds from the Newman projection 
front carbon rear carbon Jor CH,CH, 


Newman projections may be drawn for molecules with more than two carbon 
atoms. Because only two carbon atoms at a time can be shown in the projection, 
more than one Newman projection may be drawn for a molecule. For example, 
we can show two Newman projections for 3-chloro-1-propanol. 


Looking at carbons 1 and 2: 
OH 


| 3) _ H 3 CH,CI 
TCH, CICH эн “т Н 
: H CICH, JU 
2 CH; С—С Эу 
| H е aO ‘ou i AX H H 
СН, Н H н OH 
3-chloro-1-propanol dimensional ball-and-stick Newman 
Looking at carbons 2 and 3: 
OH H 
- H 
У s; m 
JCH, үл Je нош 
УБ; Ap 2 
a) CH;CI 20 23 CH,OH ИШЕН | CH,OH 
1 
dimensional ball-and-stick Newman 


Because of rotation around its sigma bonds, a molecule can assume any 
number of conformations. However, certain conformations are more stable than 
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others. These preferred conformations are called conformers. Conformers are not 
isomers because they are interconvertible — they are only different spatial orienta- 
tions of the same molecule. 

In our formulas of ethane and 3-chloro-l-propanol, we have shown 
staggered conformers, in which the hydrogen atoms or the attached groups are as 
far apart from one another as possible. Because the C—C bond can undergo 
rotation, the hydrogen atoms might also be eclipsed, or as close as possible, one 
behind the other in the Newman projection. We will show them not quite eclipsed 
so they can be seen. 

и © 


` 


repulsion 


H uH Ч 
ge - Н \ 
р | 4 m Hì A 
H ] H H Н) 
H H 


staggered eclipsed 


The rotation around sigma bonds is often called free rotation, but it is not 
entirely free. The eclipsed conformation of ethane is about 3 kcal/mole less stable 
(of higher energy) than the staggered conformer because of minor repulsions 
between the bonding electrons to the hydrogen atoms. To undergo rotation from 
a staggered to an eclipsed conformation. a mole of ethane molecules would 
require 3 kcal. Since this amount of energy is readily available to molecules at 
room temperature, the rotation can occur easily; this is why the different confor- 
mations are not isomers. However. even though the conformations of ethane are 
interconvertible at room temperature, at any given time we would expect a greater 
percentage of ethane molecules to be in the staggered conformation because of its 
lower energy. A diagram showing the ebb and flow in potential energy with 
rotation around the C—C bond in ethane is presented in Figure 4.3. 

Butane (CH;CH,CH;CH;), like ethane, can exist in eclipsed and staggered 
conformations. In butane, there are two methyl groups. which are relatively large, 
attached to the center two carbons. Viewing butane from the center two carbons, 
the presence of these methyl groups gives rise to two types of staggered conforma- 
tions that differ in the positions of the methyl groups in relation to each other. The 
staggered conformation in which the methyl groups are at the maximum distance 


— m 


staggered 


0 60 120 180 240 300 360 


Degrees of rotation about C—C bond of ethane —» 


FIGURE 4.3. Energy changes involved in rotation around the carbon—carbon sigma 
bond of ethane. 
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apart is called the anti conformer (Greek anti, "against"). The staggered 
conformations in which the methyl groups are closer are called gauche con- 
formers (French gauche, “left” or "crooked"). Newman projections for one- 
half a complete rotation follow. 


Partial rotation around the carbon 2—carbon 3 bond of butane (rear carbon rotating) 


сн, \ HCH, `\ 
H H 


H 
H H 
H Н GHE 
CH, ў 
апі eclipsed Pe Бо 
(lowest energy) 7 rc pulsion 
CH, ay CH 
к Hee 3 
H,C H А 
————À 
H H n 
" H Н H 
gauche eclipsed methyls 


(highest energy) 


The larger the groups attached to two carbon atoms, the greater is the energy 
difference between the molecule’s conformations. It takes more energy to push 
together two bulky groups than two small groups. While it takes only 3 kcal/mole 
for ethane to rotate from staggered to eclipsed, it takes 4—6 kcal/mole for butane to 
rotate from anti to the conformation in which the methyls are eclipsed. The 
energy relationships of the complete rotation around the carbon 2-carbon 3 bond 
of butane are shown in Figure 4.4. 


eclipsed 
methyls 


eclipsed eclipsed 


===» 


0 360 


Degrees of rotation around the ———» 
carbon 2-carbon 3 bond of butane 


FIGURE 4.4. Energy relations (in kcal/mole) of the different conformations of butane. 


STUDY PROBLEM 


4.4. Draw Newman projections for the anti and gauche conformations of 
(a) 1-bromo-2-chloroethane, and (b) 3-hydroxypropanoic acid. 
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SECTION 4.4. 


Shapes of Cyclic Compounds 


A. Ring strain 


In 1885, Adolf von Ваеуег. a German chemist, theorized that cyclic compounds 
form planar rings. Baeyer further theorized that all cyclic compounds except for 
cyclopentane would be "strained" because their bond angles are not close to the 
tetrahedral angle of 109.5°. He proposed that, because of the abnormally small 
bond angles of the ring, cvclopropane and cyclobutane would be more reactive 
than an open-chain alkane. According to Baever, cyclopentane would be the 
most stable ring system (because its bond angles are closest to tetrahedral), and 
then reactivity would increase again starting with cyclohexane. 


Bond angles according to Baever: 


rece 


108 120 


Baeyer' theory was not entirely correct. Cyclohexane and larger-sized 
rings are not more reactive than cyclopentane. We now know that cyclohexane is 
not a flat ring with bond angles of 120°, but rather a puckered ring with bond angles 
close to 109°, the normal sp? bond angles. 


bond angles - 109 


However, there is indeed what we call ring strain in the smaller ring systems. 
Cyclopropane is the most reactive of the cycloalkanes. Its heat of combustion is 
higher per CH, group than that of other alkanes (Table 4.1; also see Section 3.4D). 


TABLE 4.1. Strain energies from heat of combustion data 


Sirain energy Strain energy, 
— АН per CH? ver СН,* гога! 
cyclopropane 167 kcal/mole 10 kcal mole 30 kcal mole 
cyclobutane 164 7 28 
cyclopentane 159 2 10 
cyclohexane 157 0 0 


* —AH mole divided by number of CH, groups. 


* The difference between (1) the value of — AH CH, for that compound, and (2) the 
value for cyclohexane, the assumption being that cyclohexane is not strained. 


* Strain energy CH, x number of CH, groups. 
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When treated with hydrogen gas, cyclopentane does not react, but cyclopropane 
undergoes ring opening. 


catalyst Я 
C +H, CT. no remctión 


cyclopentane 


у = p, bee СЯ CH. Glin 
оС, Ё ` 
cyclopropanc propanc 


Today we would say that the sp? orbitals of the carbon atoms in cyclopropane 
cannot undergo complete overlap with each other because the angles between the 
carbon atoms of cyclopropane are geometrically required to be 60? (see Figure 4.5). 
The ring sigma bonds of cyclopropane are of higher energy than sp? sigma bonds 
that have the normal tetrahedral angle. The cyclopropane bonds are more easily 
broken than most other C—C sigma bonds and, in comparable reactions, more 


energy is released. B 
bond angle near 109° internuclear angle 60° 
as in cyclohexane or an as in cyclopropane 


open-chain alkane 


maximum x 


-—— 


2 poor overlap because normal 


sp? orbital angles are not the 
60? required for the bond angles 


FIGURE 4.5. Maximum overlap cannot be achieved between the ring carbon atoms in 
cyclopropane. 


Cyclobutane is less reactive than cyclopropane but more reactive than 
cyclopentane. Following along reasonably with Baeyer's theory, the cyclopentane 
ring is stable and is far less reactive than the three- and four-membered rings. 

With cyclohexane and larger rings, Baeyer's predictions fail. Cyclohexane 
and rings larger than cyclohexane are found in puckered conformations rather 
than as flat rings, and are not particularly reactive. Larger rings are not commonly 
found in naturally occurring compounds, as are five- and six-membered rings. 
Baeyer felt the rarity was due to ring strain. We now realize that the rarity of larger 
rings is not due primarily to unusually high bond energies. Instead, the scarcity 
of these compounds arises from the decreasing probability that the ends of longer 
molecules will find each other to undergo reaction and form a ring. (The problem 
is one of entropy, or randomness, and not one of enthalpy, or energy change.) 


——————— i ыи 
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SAMPLE PROBLEM 
Would vou expect the benzene ring to be flat or puckered? 


Solution: The benzene ring 1s flat because the carbon atoms are 5р? (not sp?) 
hybridized. The normal positioning of sp? bonds is planar and with angles of 
120° between them, corresponding to a regular planar hexagon 


| STUDY PROBLEM 


: 3.5. Considering ring sizes, which of the following compounds would you expect to 
suffer from substantial amounts of ring strain? 
Н.С CH; 
(a) i | (b) (©) о DI 
decalin Н.С О cubane 
apartmenthousane 
camphor 


B. Ring puckering and hydrogen-hydrogen repulsions 


If the cyclohexane ring were flat, all the hydrogen atoms on the ring carbons 
would be eclipsed. In the puckered conformer that we have shown, however, all 
the hydrogens are staggered. The energy of this puckered conformer of cyclohexane 
is lower than the energy of flat cyclohexane, both because of more-favorable sp? 
bond angles and also because of fewer hydrogen-hydrogen repulsions. 


ros d staggered 
eclipsed < H Li H 


H H 
H H 


flat puckered 


What of the other cyclic compounds? Cyclopentane would have near-optimal 
bond angles (108°) if it were flat, but cyclopentane also is slightly puckered so that 
the hydrogen atoms attached to the ring carbons are staggered. Cyclobutane 
(flat bond angles of 90°) also is puckered, even though the puckering causes more- 
strained bond angles. Cyclopropane must be planar; geometrically, three points 
(or three carbon atoms) define a plane. The hydrogen atoms in cyclopropane 


necessarily are eclipsed. 
H 


H 
E H 


H 
H 


H 


envelope form butterfly form 
of cyclopentane of cyclobutane 
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SECTION 4.5. 


The Conformers of Cyclohexane 


The cyclohexane ring, either alone or in fused-ring systems (ring systems that 
jointly share carbon atoms), is the most important of all the ring systems. 
In this section, we will study the conformations of cyclohexane and substituted 
cyclohexanes. In Chapter 20, we will discuss the conformations of fused-ring 
systems. 

There are many shapes that a cyclohexane ring can assume, and any single 
cyclohexane molecule is in a continuous state of flexing into different shapes. 
(Molecular models are invaluable for showing the relationships among the various 
conformations.) So far, we have shown the chair form of cyclohexane. Some other 
shapes the cyclohexane molecule can assume are as follows: 


Д7 7 о = 


chair half-chair twist-boat boat 


staggered H's 
/ \ H 
H 3 JAI 
H^ H 
H 


Newman chair form 
(H's on carbons 1 and 4 not shown) 


model of the chair form 


eclipsed H's 


К | 


Newman boat form 
(H's on carbons 1 and 4 not shown) 


model of the boat form 


FIGURE 4.6. Molecular models and Newman projections of the chair and boat forms of 
cyclohexane. 
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None of these other conformations has the favorable, staggered-hydrogen 
structure of the chair form. The eclipsing of hydrogens, as in the boat form, adds 
to the energy of the molecule. Figure 4.6 shows models and Newman projections 
of the chair form and boat form; the staggered and eclipsed hydrogens are apparent 
in these representations. 

The energy requirements for the interconversion of the different conforma- 
uons of cyclohexane are shown in Figure 4.7. We can see that the chair form has 
the lowest energy, while the half-chair (which has an almost-planar structure) has 
the highest energy. At any given time, we would expect most cyclohexane molecules 
to be in the chair form. Indeed, it has been calculated that about 99.9% of cyclo- 
hexane molecules are in the chair form at any one time. 


A. Equatorial and axial substituents 


The carbon atoms of the chair form of cyclohexane roughly form a plane. For 
purposes of discussion, an axis may be drawn perpendicular to this plane. These 
operations are shown in Figure 4.8 

Each ring carbon of cyclohexane is bonded to two hydrogen atoms. The bond 
to one of these hydrogens is in the rough plane of the ring; this hydrogen atom is 
called an equatorial hydrogen. The bond to the other hydrogen atom is parallel to 
the axis; this is an axial hydrogen. Each of the six carbon atoms of cyclohexane 


11 
kcal/ mole 


F 
і. Kcal mole 


———% —» 


FIGURE 4.7. Relative potential energies of the conformations of cyclohexane. 


^ 


axis 
equatorial H's (in plane) axial H's (parallel to axis) 


FIGURE 4.8. The equatorial and axial hydrogens of cyclohexane. 


128 


Chapter 4 Stereochemistry 


has one equatorial and one axial hydrogen atom. (Again, refer to Figure 4.8.) In 
the flipping and reflipping between the conformers, axial becomes equatorial, 
while equatorial becomes axial. 


ахі — 
€quatorial 


H H 
P = T 
4 > 
| \ H 


thes end this end 


- 


mores up motes down 


A methyl group is bulkier than a hydrogen atom. When the methyl group in 
methylcyclohexane is in the axial position, the methyl group and axial hydrogens 
on the same side of the ring repel each other. Interactions between axial groups are | 
called axial-axial interactions. When the methyl group is in the equatorial position, Д 
the repulsions are minimized. Thus, the energy of the conformer with an equatorial ] 
methyl is lower. At room temperature, about 95% of methylcyclohexane molecules 
are in the conformation in which the methyl group is equatorial. 


1, 3-diaxtal а" 
repulstons 


= fewer repulsions 


The bulkier the group, the greater is the energy difference between axial 
and equatorial conformers. In other words, a cyclohexane ring with a bulky 
substituent is more likely to have that group in the equatorial position. When the 
size of the substituent group reaches t-butyl, the difference in energies between the 
conformers becomes quite large. t-Butylcyclohexane is often said to be “frozen” 
in the conformation in which the 7-butyl group is equatorial. The ring is not truly 
frozen, but the energy difference (5.6 kcal/mole) between the equatorial and the 
axial positions of the ¢-butyl group means that only 1 in 10,000 molecules has the 
t-butyl group in an axial position at any given time. 


аха! 
C(CH); 
H 


equatorial 


C(CH3); 
H 


favored 


B.  Disubstituted cyclohexanes 


Two groups substituted on a cyclohexane ring may be either cis or trans. The 
cis- and trans-disubstituted rings are geometric isomers and are not interconvertible 
at room temperature; however, either isomer may assume a variety of conforma- 
tions. For example, consider some chair forms of cis-1,2-dimethylcyclohexane. 
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ARE 


Some different representations of cis- 1,2-dimethylcyclohexane, < : 
| : 
CH, 


CH \ 


Н, 


H 
H Н; 
CH; 


both “down” both “down” both ~ ир” 


CH, 


Because this is the cis-isomer, the methyl groups must both be on the same 
side of the ring. regardless of the conformation. In each chair conformation 
that we can draw, one methyl is axial and the other is equatorial. For any cis-1,2- 
disubstituted cyclohexane, one substituent must be axial and the other substituent 
must be equatorial. (Refer back to Figure 4.8 or use molecular models and verify 
this statement for yourself.) 

When cis-1,2-dimethylcyclohexane changes from one chair conformer to 
the other, the two methyl groups reverse their equatorial-axial status. The energies 
of the two conformers are equal because their structures and bonding are identical. 
Therefore, this compound exists primarily as a 50: 50 mixture of these two chair- 
form conformers. 


Contormers of cis-1,2-dimethylcyclohexane: 


H 
Du ppm 
wey 
H Hc p 
Che CH, 


axial, equatorial (or a.e) equatorial, axial (or e, a) 


In trans-1,2-dimethylcyclohexane, the methyl groups are on opposite sides 
of the ring. In the chair form of the rrans-isomer, one group must be attached to 
an “uppermost” bond, while the other is attached to a “lowermost” bond. 

CH, 

Some different representations of trans-1,2-dimethylcyclohexane, 


Н+ 4омп 
Нур 


down шй 


No matter how the two adjacent trans groups are shown, they аге both axial 
(a, a) or they are both equatorial (e, e). There is no way for two groups to be trans 
and 1,2 on the chair form of cyclohexane without assuming either the а,а or the e,e 
conformation. 
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Conformers of trans- 1,2-dimethylcyclohexane 


CH, 
H 
D 
H nO CH. 
GH, H 


a.a e.e 
favored 


A single methyl group on a cyclohexane ring assumes the equatorial position 
preferentially. Two methyl groups on a cyclohexane ring also assume the equa- 
torial positions preferentially, if possible. In trans-1,2-dimethylcyclohexane, the 
e,e conformer is the preferred conformer and is of lower energy than the a,a 
conformation. The trans e,e conformer is also of lower energy (by 1.87 kcal/mole) 
than either conformer of the cis-compound, which must be a,e or e,a. 

In the case of a 1,2-disubstituted cyclohexane, the trans-isomer is more stable 
than the cis-isomer because both substituents can be equatorial. However, when 
the two substituents are 1,3 to each other on a cyclohexane ring, the cis-isomer is 
more stable than the trans-isomer. The reason is that both substituents in the cis- 
1,3-isomer can be equatorial. In the ¢rans-1,3-isomer, one group must be axial. 


cis-1,3-Dimethylcyclohexane: 


Che 
x wu 
аа 


e.e 
favored 


trans- 1,3-Dimethylcvclohexane 


CH, 
Af = 
СН 
Сн, а d 
3 


е.а а.е 


SAMPLE PROBLEM 


What are the possible equatorial- axial relationships for the cis- and 
irans-1,4-dimethylcyclohexanes? In each case, which conformer is of lower 
energy? 


Solution: с15-14: ae: еа 
trans-l.4: аа; ее 


The cís-conformers are of equal energy. The e.e trans-conformer ts of lower 
energy than the a.a trans-conformer (and of lower energy than either 
cis-conformer). 
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STUDY PROBLEM 


4.6. Label each of the following disubstituted rings as cis or trans and as а,а; e,e; or 
a,e. (If the structure has no cis or trans isomers, indicate this.) 
CI 
/ CI 
(а) / Ee (b) 
CI CI 
(c) (d) / 
CH; 
CH,CH, 
Noe Br 
(e) / (f) 
С OH 
SECTION 4.6 
Chirality 


A. Chirality of objects and molecules 


Consider your left hand. Your hand cannot be superimposed on its mirror image. 
If you hold your left hand up to a mirror, the image looks like a right hand. If you 
do not have a mirror available, hold your hands together with the palms facing 
each other— you can see that they are mirror images. Try to superimpose your 
hands (both palms down)—you cannot do it (see Figure 4.9). This right- and 


mirror т. 


FIGURE 4.9. A chiral object cannot be superimposed on its mirror image. 
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mirror 


FIGURE 4.10. An achiral object is superimposable on its mirror image. 


left-handedness is also encountered in shoes and gloves. (Try wearing a left- 
handed glove on a right hand!) 

Any object that cannot be superimposed on its mirror image 1s said to be 
chiral (Greek cheir, “the hand"). Hands, gloves, and shoes are all chiral. Con- 
versely, a plain cup or a cube is achiral (not chiral); these can be superimposed on 
their mirror images. Figure 4.10 shows а cup being superimposed on its mirror 
image. The same principles of right- and left-handedness also apply to molecules. 
A molecule that can be superimposed upon its mirror image is achiral. A molecule 
that cannot be superimposed on its mirror image is chiral. Figures 4.11 and 4.12 
show an achiral molecule and a chiral molecule along with their mirror images. 

An achiral molecule and its superimposable mirror-image molecule are the 
same compound, they are not isomers. But a chiral molecule is по! superimposable 
on its mirror image; this molecule and its mirror-image molecule are different 
compounds, and represent a pair of stereoisomers called enantiomers. A pair of 
enantiomers is simply a pair of isomers that are nonsuperimposable mirror images. 


B. Chiral carbon atoms 


The most common structural feature (but not the only one) that gives rise to 
chirality in molecules is that the molecule contains an sp? carbon atom with four 
different groups attached to it (Figure 4.12). Such a molecule is chiral and exists as a 
pair of enantiomers. For this reason, a carbon atom with four different groups 
attached is usually called a chiral carbon atom (although, technically, it is the mole- 
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mirror 


mirror image is the same compound 


FIGURE 4.11. A molecule with a single carbon atom that has two identical substituents 


(H in this case) is achiral and can be superimposed upon its mirror image. (Try it with 
models.) 


cule and not the carbon atom that is chiral). By learning to recognize chiral 
carbons within a formula, we can greatly simplify the problem of identifying 
structures that can exist as enantiomers. 

In order to identify a chiral carbon, we must determine that all four groups 
attached to the sp? carbon are different. In many cases, the problem is trivial; for 
example, if the carbon is attached to two or more Н atoms (—CH,— or —CH ,), 
then the carbon cannot be chiral. However, in a few cases the problem can be more 


mirror 


k 


nonsuperimposable mirror images, or enantiomers 


chiral carbon 


H 


FIGURE 4.12. A molecule that has four different groups attached to one single carbon 
atom is chiral and not superimposable on its mirror image. (Try it with models.) 
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challenging. In these cases we must inspect each entire group attached to the carbon 
in question, not just the atoms bonded directly to that carbon. 


ч 
за он: 
Gil. 


chiral carbon atom 
H H 


CH,CH;—C-—CH;CH,CH, | CH,CH,CH,—C—CH;CH; 
CIR CH; 


enantiomers 


dimensional formulas | 


Н Н 
СН.СН CH,CH,CH НЕСЕ GH CHCH 
3 ML еп, H3 еп, Lol еН; 


к 


Сн, СН, 


enantiomers 


ball-and-stick formulas 


SAMPLE PROBLEMS 


Chiral carbon atoms are often starred for emphasis. Star the chiral carbons in 
the following structures: 


CI О 
шне быс duet ом 
L CH;GH, 
CI О 
Solution. сии ane. cm oW SU 
ш CH;CH; 


One of the following molecules is chiral, and one is achiral. Which 1s the chiral 
molecule? 


ORC. CH; _ СН, 


Solution: The ring carbon with the methyl group in (a) is a chiral carbon 
because it has four different groups attached: CH,. Н, О. and CH;; therefore. 
the structure in (a) is chiral. The corresponding carbon in (b) has 1wo identical 
groups; It 1s achiral. 
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^ m CH; 
О CH, Н.С N 
я S C 
ui Y H 4 
aC = | 
Ro. ү Z Che) H 
н. NB H NM 


(ur difierent groups the two attachments with arrows 


this molecule is chiral are the same: this molécule 15 achiral 


STUDY PROBLEMS 


4.7. — Star the chiral carbons (if any) in the following formulas: 


CH, GH, F 


| | | 
(a CH,CHBr (b) CH,CH,CHBr (е) eu (0) 


3.8. Star any chiral carbon atoms in the following formulas: 


CI HO Gl 


\ 
OH О 


NCH, 


Drawing structures of a pair of enantiomers for a molecule with one chiral 
carbon is relatively easy. The interchange of any two groups around the chiral 
carbon results in the enantiomer. The following examples show two ways to con- 
vert the formula for one compound (A) to the formula for its enantiomer (B). (Use 
models to verify that the two formulas shown for B actually do represent the same 


molecule.) 
interchange 

< 
CH; CH; CH; CH; 

т i ' H H interchange E 

He-C-CI @—с—Н pe C 2G) === He+G~GH,CH, 
CHCH, CH,CH, CHCH; € 
A B A B 

ЕЕ Ио — 
enantiomers enantiomers 
STUDY PROBLEM 
4.9. Draw the formulas (either dimensional or ball-and-stick) for the two 
enantiomers of each of the following compounds: 
Br OH 


| | 
(а) (C) eue, (b) CH,CH,CHCH, 


C. Fischer projections 


In the late 1800°s, the German chemist Emil Fischer introduced projection 
formulas for showing the spatial arrangement of groups around chiral carbon 
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atoms. These projection formulas are called Fischer projections. Because Fischer 
devised these formulas for representing sugar molecules, we will illustrate the 
type of Fischer projection commonly used today with the simplest of sugars: 
2,3-dihydroxypropanal (usually called glyceraldehyde) and 2,3,4-trihydroxybu- 
tanal (erythrose). Glyceraldehyde has one chiral carbon atom (carbon 2), while 
erythrose has two chiral carbons (carbons 2 and 3). As you can see from the 
following representations for these two compounds, a Fischer projection is simply 
a shorthand way to represent a ball-and-stick or dimensional formula. 


For glyceraldehyde: 
О O 
_ | | О 
DCH CH | 


i CH 
or H--C—OH becomes H OH 


Fischer projection 
For erythrose: 
O O O 
| | | 
i CH Сн CH 
Бели or H=C—OH becomes НОН 
Book H=C—OH Ыш Rs 
3) CH;OH 
(4, CH;OH ч 


Fischer projection 


In drawing a Fischer projection, we assume that the molecule is completely 
stretched out in the plane of the paper with all its substituents eclipsed, regardless of 
any preferred conformation. The preceding formulas for erythrose show the 
conformation used for the Fischer projection. By convention, the carbonyl group 
(or group of highest nomenclature priority) is placed at or near the top. Thus, the 
top carbon is carbon 1. Each intersection of the horizontal and vertical lines 
represents a chiral carbon atom. Each horizontal line represents a bond coming 
toward the viewer, while the vertical line represents bonds going back, away from the 
viewer. 

away from viewer 
сно toward viewer 
н бн = 
CH,OH 


A pair of enantiomers is easily recognized when Fischer projections are used. 


CHO 


H——OH 
5 
CH,OH CH,OH 


Carbons 2, 3, and 4 The enantiomer shows all groups 
are chiral. on chiral carbons transposed 
from left to right. 
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A Fischer projection may be rotated 180° in the plane of the paper, but it 
тау not be flipped over or rotated by any other angle. Either of these last two 
operations would take the formula out of the Fischer projection and lead to an 
incorrect structure. 


Correct: CHO E C H,OH 
H OH rotate 180 нон 
CH,OH CHO 
same as left-hand structure 
Incorrect: CHO \ d H 
H-l-oH — HOCH,—-CHO 
CH.OH ⁄/ > OH 


NOT THE SAME 
(To verify the difference, draw 
this projection as a dimensional 
formula with the horizontal bonds 
coming toward you.) 


Fischer projections are a convenient shorthand way of representing chiral 
molecules. Because of the limitations placed upon them, such as the preceding 
one of rotation, Fischer projections must be used carefully. We suggest that you 
convert Fischer projections to ball-and-stick or dimensional formulas (or use 
models) when performing any spatial manipulations. In future chapters, we will 
stress dimensional formulas rather than Fischer projections until we discuss 
carbohydrates (Chapter 18). 


STUDY PROBLEM 


4.10. (a) Convert the following Fischer projection to a dimensional formula: 
CO;H 
нон 
CH,OH 


(b) Convert the following dimensional formula for alanine (an amino acid 
found in proteins) to a Fischer projection: 


NH; 
| 


CHS" Усон 
| 2 


2-aminopropanoic acid 
(alanine) 


SECTION 4.7. 


Rotation of Plane-Polarized Light 


With the exception of chirality, the structures of a pair of enantiomers are the 
same. Therefore, almost all of their physical and chemical properties are the same. 
For example, each pure enantiomer of a pair has the same melting point and the 


138 Chapter 4 Stereochemistry 


same boiling point. Only two sets of properties are different for a single pair of 
enantiomers: 


1. interactions with other chiral substances, and 


2. the direction of rotation of the plane of polarization of plane-polarized 
light. 


Ordinary light travels in waves, and the waves are at right angles to the direc- 
tion of travel. Plane-polarized light is light in which all wave vibrations have been 
filtered out except for those in one plane. The plane polarization is effected by 
passing ordinary light through a pair of calcite crystals (CaCO;) or a polarizing 
lens. (The same principle is used in Polaroid sunglasses.) Figure 4.13 shows a 
simplified diagram of the plane polarization of light. 

If plane-polarized light is passed through a solution containing a single 
enantiomer, the plane of polarization of the light is rotated either to the right or to | 
the left (see Figure 4.14). The rotation of plane-polarized light is referred to 
as optical rotation. A compound that rotates the plane of polarization of plane- 
polarized light is said to be optically active. For this reason, enantiomers are 
sometimes referred to as optical isomers. 

А polarimeter is an instrument designed for polarizing light and then showing 
the angle of rotation of the plane of polarization of the light by an optically 
active compound. The amount of rotation depends on (1) the structure of the 
molecules; (2) the temperature; (3) the wavelength ; and (4) the number of mole- 
cules in the path of the light. 


ordinary polarizing lens plane-polarized 
light light 


FIGURE 4.13. The plane polarization of light. 


«X 


« 


plane-polarized solution of rotated 
light an enantiomer 


FIGURE 4.14. The plane of polarization of plane-polarized light is rotated by a single 
enantiomer. 
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Specific rotation is the amount of rotation by 1.00 gram of sample in 1.00 mL 
of solution in a tube with a path length of 1.00 decimeter (dm), at a specified tem- 
perature and wavelength. The commonly used wavelength is 589.3 nm (the D line 
of sodium), where 1.0 nm = 10^? m. The specific rotation for a compound (at 
207, for example) may be calculated from the observed rotation by the following 
formula: 


2 х 
[28° = — 
Ic 


where [x]i° = specific rotation of sodium D line at 20° 
х = observed rotation at 20° 
= cell length in dm (1.0 dm = 10 cm) 
с = concentration of sample solution in g/mL 


The fact that some compounds rotate the plane of polarization of plane- 
polarized light was discovered in 1815 by the French physicist Jean-Baptiste Biot. 
But it was Louis Pasteur who in 1848 made the momentous discovery that there are 
two types of sodium ammonium tartrate crystals and that these two types are 
mirror images of each other. (We will discuss the structure of tartaric acid in 
Section 4.9C.) 

Pasteur painstakingly separated the “left-handed” crystals from the “right- 
handed " crvstals with a pair of tweezers. Imagine his amazement when he found 
that (1)a solution of the original mixture of crystals did not rotate plane-polarized 
light; (2) a solution of left-handed crystals did rotate plane-polarized light; and 
(3) a solution of right-handed crystals also rotated plane-polarized light to exactly 
the same extent, but in the opposite direction. Pasteur's experiment and later 
experiments of innumerable other scientists lead us to the following conclusions: 


1. A pair of pure enantiomers each rotates the plane of polarization of 
plane-polarized light the same number of degrees, but in the opposite 
directions (one to the left; one to the right). 


2. А пихише of equal parts of a pair of enantiomers does not rotate 
plane-polarized light. 


A. Some terms used in discussing optical rotation 


The enantiomer of any enantiomeric pair that rotates plane-polarized light to the 
right is said to be dextrorotatory (Latin dexter, ** right"). Its mirror image, which 
rotates plane-polarized light to the /eft, is said to be levorotatory (Latin /аериз, 
“left ^^). The direction of rotation is specified in the name by (+ ) for dextrorotatory 
and (—) for levorotatory. (In older literature, d for dextrorotatory and / for 
levorotatory are sometimes encountered.) 


о o [e О 
ll || | | 
CH CH CH CH 
H=C-—OH or Н | on HO—C—H ог НОН 
CH,OH CH,OH CH,OH CH,OH 
(+ -glyceraldehyde (—)-glyceraldehyde 


ei — 8.” CIE em. 7° 
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A mixture of equal parts of any pair of enantiomers is called a racemic 
mixture, or racemic modification. A racemic mixture may be indicated in the name 
by the prefix (+). (In older literature, d/is used to signify a racemic mixture.) Thus, 
racemic glyceraldehyde is called (+)-glyceraldehyde. (The term racemic comes 
from the Latin racemis, “а bunch of grapes." The reason for this unusual deriva- 
tion is that racemic was first used to describe racemic tartaric acid, which was 
isolated as a by-product of wine-making.) 


50% (+)-glyceraldehyde + 50% (—)-glyceraldehyde = (+)-glyceraldehyde 
[x]? = +8.7° fal = 8 7. [«]р =0 


a racemic mixture 


A racemic mixture does not rotate plane-polarized light because the rotation 
by each enantiomer is cancelled by the equal and opposite rotation by the other. 
A solution of either a racemic mixture or of an achiral compound is said to be 
optically inactive, but the causes of the optical inactivity are different. 


SECTION 4.8. 


Relative and Absolute Configurations 


The order of arrangement of four groups around a chiral carbon atom is called 
the absolute configuration around that atom. (Do not confuse configurations with 
conformations, which are shapes arising from rotation around bonds.) A pair of 
enantiomers have opposite configurations. For example, (+)- and (—)-glycer- 
aldehyde have opposite configurations. But which formula represents the dextro- 
rotatory enantiomer and which represents the levorotatory one? Until 1951, 
chemists did not know! Prior to that time, it was known that (+)-glyceraldehyde 
and ( —)-glyceric acid (2,3-dihydroxypropanoic acid) have the same configuration 
around carbon 2, even though they rotate plane-polarized light in opposite 
directions. But it was not known whether the OH ar carbon 2 was to the right or to 
the left in the formulas as shown: 


T i =: 
COH A á T Em same configuration, 
B hut is the — OH on 
HCO н—С—Он the right (as shown) 
CH OH CH OH or on the left? 
2- 2 
(—)-glyceric acid (+)-glyceraldehyde 


Even though chemists did not know the absolute configurations of (—)- 
glyceric acid and other optically active compounds, they could speak of the 
relative configurations of these compounds. Usually, the configurations of optically 
active compounds were related to (+)-glyceraldehyde. The relative configurations 
were said to be either the same as, or opposite from, the configuration of (+)- 
glyceraldehyde. To make formulas easier to work with, it was decided in the late 
19th century to assume that (+)-glyceraldehyde had the absolute configuration 
with the OH on carbon 2 to the right. 

In 1951, x-ray diffraction studies by J. M. Bijvoet at the University of 
Utrecht in Holland showed that the original assumption was correct. (+)- 
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Glyceraldehyde does indeed have the absolute configuration that chemists had 
been using for 60 vears. If the early chemists had guessed wrong, the chemical 
literature would have been in a state of confusion —all pre-1951 articles would 
show configurations the reverse of those in more modern articles. The original 
assumption was indeed a lucky guess! 

The direction of rotation of plane-polarized light by a particular enantiomer 
is a physical property. The absolute configuration of a particular enantiomer is a 
characteristic of its molecular structure. There is no simple relationship between 
the absolute configuration of a particular enantiomer and its direction of rotation 
of plane-polarized light. As we have said, the enantiomer of glyceric acid with the 
same absolute configuration as (+)-glyceraldehyde is levorotatory, not dextro- 
rotatory. 


A. Assignment of configuration: the (R) and (S) system 


We have shown how the direction of rotation of plane-polarized light can be 
indicated by (+) or ( —). However, a system is also needed to indicate the absolute | 
configuration —that is, the actual arrangement of groups around a chiral carbon. 
This system is the (А) and (S) system, or the Cahn-Ingold-Prelog system. The letter 
(К) comes from the Latin rectus, " right," while (S) comes from the Latin sinister, 
"left." Any chiral carbon atom has either an (А) configuration or an (S) configura- 
tion; therefore. one enantiomer is (А) and the other is (S). A racemic mixture 
may be designated (R)(S), meaning a mixture of the two. 

In the (R) and (S) system, groups are assigned a priority ranking using the 
same set of rules as are used in the (E) and (Z) system; however, the priority 
ranking is used in a slightly different manner. To assign an (R) or (S) configuration 
to a chiral carbon: 


1. Rank the four groups (or atoms) attached to the chiral carbon in order of 
priority by the Cahn-Ingold-Prelog sequence rules (pages 115-116). 


2. Project the molecule with the group of lowest priority to the rear. 


3. Select the group of highest priority and draw a curved arrow to the group of 
next highest priority. 


4.  Ifthis arrow is clockwise, the configuration is (А). If the arrow is 
counter-clockwise, the configuration is (5). 


Let us illustrate the use of this procedure by assigning (А) and (S) to the 
enantiomers of 1-bromo-1-chloroethane. 


H 


H H H 
Broil a gi L Br з i 
Or Ве GAC] С = С—Вв 


enantiomers of 1-bromo-1-chloroethane 
1. Rank the four groups. In the case at hand, the order of priority of the four 
atoms by atomic number is Br (highest), Cl, C, H (lowest). 


2. Draw projections with the lowest-priority atom (Н) in the rear. (This atom 
is hidden behind the carbon atom in the following projections.) 
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3. Draw an arrow from highest priority (Br) to second-highest priority (Cl). 
4. Assign (К) and (S). 


Br 


: to | 
CX or C CX Or (C 
ZA “YN ^ 4 У 
nct ПОС cl d ^om GL. CH 
clockwise — (R) counterclockwise — (S) 
(R)-1-bromo-1-chloroethane (S)-1-bromo-I-chloroethane 


Placing a structure in the correct position for an (А) or (S) assignment is 
easily done with a molecular model. Construct the model, grasp the group of 
lowest priority with one hand, and turn the model so that the remaining three 
groups face you. Determine if the structure is (R) or (S) in the usual way. (See 
Figure 4.15.) 


Here, a single 
ball is used 
for CH; 5 


model rotated 
(H hidden in rear) 


FIGURE 4.15. Using a molecular model to determine (К) or (5) configuration. 


SAMPLE PROBLEMS 


Name the following compound, including an (R) or (S) designation. 


H H 

HO, | CH; A 
or HO= C—CH; 
CH,CH, CHAH, 


Solution: 


il. order of priority: OH (highest), CH,CH,.CH,;,. Н (lowest) 


2r projection with H in rear: 
OH Td 
| 
or (C 
yes — N 
CHCH СЕ GE Gib СН 
3. counterclockwise = (S) 


name: (S)-2-butanol 
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Draw the structure of (R)-( — -2-butanol 
Solution: 


1. Write the formula of the compound without regard to configuration of the 
chiral carbon. 


OH 
CHiCHCH.CH, 

2. Assign priorities around the chiral carbon! OH (highest). СН›СН.. 
CH;. H (lowest). 

3. Draw the projection with the lowest-priority group (H) in the rear. Place 
the remaining groups in such а way that from OH to СН,СН, is 
clockwise for the (К) configuration. 

OH clockwise ш 
Су or C 
LA YN 
CH; CHCH, CH; CH;CH; 
4. Redraw the structure as a ball-and-stick or dimensional formula. (Models 
make this task easier.) 
OH 
OH з 
ые Ксы, or СЫ таса 
y H 
H 


Note that in the solution of this problem, the sign of rotation in the name 
f not used. The ( — ) 15 the indication of direction of rotation of 
plane-polarized light. a physical property of (R)-2-butanol. and is not used 
in determining its configuration 


STUDY PROBLEMS 


Assign each of the following molecules an (R) or (S) configuration: 


Jus а 
н. [он r 
4 | 
(а) С) (0 нс 
| "T 
CH,OH 
B COH 
() CH,CH,-C—CH, (d) H;N——H 
Ч CH,OH 


Draw formulas for (а) (R)-3-bromoheptane and (Б) (S)-2-pentanol that show 
the absolute configurations around the chiral carbons. 
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SECTION 4.9. 


More Than One Chiral Carbon Atom 


Our discussion so far has concentrated primarily on compounds that contain 
only one chiral carbon, but compounds can have more than one chiral atom. 
Consider a compound with two different chiral carbons. Each of these two chiral 
carbons can be either (К) or (S); consequently, there аге four different ways in 
which these configurations can be arranged within a molecule. A molecule with 
two different chiral carbons can therefore have four different stereoisomers. 


total molecular 


chiral carbon 1 chiral carbon 2 configuration 
(R) (R) (1 R,2R) 
(R) (5) (1R,25) 
(5) (К) (15,2К) 
(5) (5) (15,25) 


SAMPLE PROBLEM 


4.13. 


How many stereoisomers could exist for a compound that has three different 
chiral carbons? 


Solution: eight: (1R,2R,3R); (18,28,35); (18,25,3В); (18,25,35); 
(1,522873 R)); 15,2835) Зл Ш(15,25,35). 


The maximum number of stereoisomers for a compound is 2”, where n is the 
number of chiral atoms. If there are two chiral carbons, then there can be up to 
four stereoisomers (2? — 4); when there are three such carbon atoms, there can 
be up to eight stereoisomers (2? — 8). 


STUDY PROBLEM 


What is the maximum number of stereoisomers for each of the following 
compounds? (а) 1,2-dibromo-!-phenylpropane; 
(b) 1,2-dibromo-2-methyl-1-phenylpropane; (с) 2,3,4,5-tetrahydroxypentanal 


A. (R)and (S) system for a compound with two chiral 
carbon atoms 


To assign (R) or (S) configurations to two chiral carbon atoms in one molecule, 
we consider each chiral carbon atom in turn. We will use the sugar erythrose to 
illustrate the technique. (For convenience, we do not usually use broken wedges in 
a formula that shows more than one chiral carbon.) 


carbons 2 and 3 are chiral 
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For carbon 2 
CHO 
E CHO 
He-C—OH ! 
E rotated so H is in rear G 
/ 
S oae! но’ ‘снон 
СН.ОН CH,OH 
to go from OH (highest priority) 
to CHO (second) is clockwise: 
carbon 2 is (2R) 
For carbon 3: 
CHO (m 
CHOH Eh 
i rotated 
Е —_ 
BC ED 
CH,OH 


to go from OH to — CH(OH)CHO 
is clockwise: carbon 3 is (3R) 


The IUPAC name for this stereoisomer is therefore (2R,3R)-2,3,4-tri- 
hydroxybutanal. Note that the numbers and letters in the single set of parentheses 
refer to the configurations around two different chiral carbons in one molecule. 
Contrast this notation with (R)(S), which means a racemic mixture. 


B.  Diastereomers 


When a molecule has more than one chiral carbon, not all of the optical isomers 
are enantiomers. By definition, enantiomers (mirror images) come in pairs. 


The four stereoisomers of 2,3,4-trihydroxybutanal: 


CHO CHO CHO CHO 
156 “эй! au NR. COME 
Н—С—ОН HOCH ное SES 

CH;OH CH;OH CH;OH CH;OH 

(2R.3R) (25.35) (2R.3S) (25,3К) 
enantiomers enantiomers 


Note that the (2R,3R)- and (25S,3S)-stereoisomers are enantiomers. The 
(2R,3S)- and (25,3 R)-stereoisomers are also enantiomers. However, the (25,35)- 
and (2R,3S)-stereoisomers are not enantiomers. (What other nonenantiomeric 
pairings can be arranged?) Any pair of stereoisomers that are not enantiomers are 
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called diastereomers, or diastereoisomers. Thus the (25,35)- and (2R.3S)-stereo- 
isomers are diastereomers. (Geometric isomers are also diastereomers by this 
definition.) 


CHO CHO 
vote —H H= 0 —OH 
HO—C—H HOS = 

CH,OH СН.ОН 

а pair of diastereomers: 

stereoisomers that are not enantiomers 


A pair of enantiomers have identical physical and chemical properties except 
for interactions with other chiral molecules and for the direction of rotation of 
plane-polarized light. Diastereomers, however, are chemically and physically 
different. They have different melting points, different solubilities, and often 
undergo chemical reactions in a different fashion. 


SAMPLE PROBLEM 


Identify each pair of molecules as structural isomers, enantiomers, or 
diastereomers. 


COH CO;H m. eu. аш H 
E = D vá N А 
(a) H,N—C—H H—C-NH,. (hy = б=с C=C 
= В ГА x d b 
CH,OH CH,OH E E H CH; 
CHO CHO 
CHO CHO | | 
Вы о He os H—C-—OH носа 
(с) Не] ән но Тон (4) ja s Am 
se ерт. сй. 
CH,OH H.C 
; он CH,OH CH,OH 


Solution: (a) and (d) are enantiomers. (b) and (c) are diastereomers. 


C. Meso compounds 


A compound with п chiral carbon atoms can have a maximum of 2" stereoisomers, 
but it may not have that many. Consider a pair of structures (A and B) with two 
chiral carbon atoms. At first glance, we might assume that A and B are enantiomers. 


CO,H CO,H 
H=C—OH HO—C—H 
He—C-OH HO—C-—H 

CO,H CO.H 

A B 
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Let us take compound B and rotate it 1807 in the plane of the paper. We can 
see that compound B is identical to compound А! Indeed, А and B arc mirror 
images, but the mirror images are superimposable; therefore, A and B arc the same 
compound. 


сон | CO,H 
HO*-C-H : H= COH 
rotate 150 
НО C—H H=C—QOH 
СОН CO,H 
B B superimposable оп A 


How is it possible that a molecule with two chiral carbons is superimposable 
on its mirror image? The answer is that, in at least one conformation, this molecule 
has an internal plane of symmetry. The “top” half of the molecule is the mirror 
image of the "bottom" half. We might say that the two halves of the molecule 
cancel each other so far as chirality is concerned. Therefore, the molecule as a 
whole is achiral and does not cause a rotation of plane-polarized light. Figure 4.16 
illustrates an internal plane of symmetry. 

A stereoisomer that contains chiral carbons but can be superimposed on its 
mirror image is called a meso form. The compound we have been discussing is 
meso-tartaric acid. 

A compound with two chiral carbons can have up to four stereoisomers. 
For tartaric acid, we have looked at two possibilities, and these two added up to 
only one isomer, meso-tartaric acid. What about the other two stereoisomers of 
tartaric acid? Do they have an internal plane of symmetry? No, they do not. The 
top halves are not mirror images of the bottom halves. Rotation of either structure 
by 180° does not result in the other structure or in the meso-isomer. The following 
two stereoisomers of tartaric acid are enantiomers. They are both optically active 


planes of symmetry H 


HO 
Ns 
| 


SA COH 


C 
= | 
@ 


ua EIN 


m OH 
H 


meso-tartaric acid 
[a] =0 


FIGURE 4.16. An intemal plane of symmetry is a hypothetical plane that bisects an object 
into two identical, mirror-reflective halves. An object with an internal plane of 
symmetry is achiral (can be superimposed on its mirror image). 
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and rotatc the plane of polarization of plane-polarized light equally, but in opposite 


directions. 
CO,H m Н 
педа  Ho-—-C-H eR NOT a plane 
HO—C—~H H=—C—0H of symmetry 
CO;H CO,H 
(2R,3R)-( + )-tartaric acid (25.35)-( — )-tartaric acid 


What are our conclusions about tartaric acid? Because of the internal plane 
of symmetry in meso-tartaric acid, there is a total of only three stereoisomers for 
tartaric acid, rather than the four stereoisomers predicted by the 2" rule. These 
three stereoisomers are a pair of enantiomers and the diastereomeric meso form. 

The meso forms of some other compounds follow: 


CH,OH 
CHO | 
Cl | H= COH 
| H=C—OH | 
H,C—C—H | He-C-OH 
Seria ates gne ---H=C—™OH--- |  ------ і T4 plane of symmetry 
H,C—C-—H | H=C—0OH 
H= СОН | 
CI | Elem LI 
CHO | 
СН,ОН 


STUDY PROBLEM 


4.14. Draw all possible stereoisomers of 2,3-dichlorobutane. Indicate any 
enantiomeric pairs. 


SECTION 4.10 


Resolution of a Racemic Mixture 


In most laboratory reactions, a chemist uses achiral or racemic starting materials 
and obtains achiral or racemic products. Therefore, often we will ignore the 
chirality (or lack of it) of reactants or products in future chapters. On the other 
hand, we will also discuss many reactions in which stereochemistry is quite 
important. 

As opposed to laboratory reactions, most biological reactions start with 
chiral or achiral reactants and lead to chiral products. These biological reactions 
are possible because of biological catalysts called enzymes, which are chiral 
themselves. Recall that a pair of enantiomers have the same chemical properties 
except for their interactions with other chiral substances (Section 4.7). Because 
enzymes are chiral, they can act very selectively in their catalytic action. For 
example, when an organism ingests а racemic mixture of alanine. only the (5)- 
alanine becomes incorporated into protein structures. The (R)-alanine is not used 
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in proteins; rather, it is oxidized to a keto acid with the aid of other enzymes and 
enters other metabolic schemes. 


CO;H CO;H 
H,NeC—H H—-C—NH, 
CH, CH, 
(S)-alanine (R)-alanine 


In the laboratory, the physical separation of a racemic mixture into its pure 
enantiomers is called the resolution, or resolving, of the racemic mixture. Pasteur's 
separation of racemic sodium ammonium tartrate was a resolution of that mixture. 
It is a very rare occurrence for enantiomers to crystallize separately; therefore, 
the method that Pasteur used cannot be considered a general technique. Because a 
pair of enantiomers exhibit the same chemical and physical properties, they cannot 
be separated by ordinary chemical or physical means. Instead, chemists must rely 
on chiral reagents or chiral catalysts (which, one way or another, almost always 
have their origins in living organisms). 

The most general technique for resolving a pair of enantiomers is to subject 
them to a reaction with a chiral reagent to obtain a pair of diastereomeric products. 
Diastereomers, you will remember, are different compounds with different 
physical properties. Thus, a pair of diastereomers may be separated by ordinary 
physical means, such as crystallization. 

Let us illustrate a general procedure for the laboratory resolution of (R)(S)- 
RCO,H., a racemic mixture of a carboxylic acid, where (R)-RCO;H and (S)- 
RCO;H represent the two enantiomers. A carboxylic acid will react with an amine 
to yield а salt (Section 1.10): 


О О 
| PL Ий № || ee + 
RCO—H + R'NH,; RCO: R'NH, 
— ee 
a carboxylic acid an amine a salt 


Reaction of the (R)(S) carboxylic acid with an amine that is a pure enantiomer 
results in a pair of diastereomeric salts: the amine salt of the (К) acid and the 
amine salt of the (5) acid. 


(R)-RCO,H (R)-RCO,” (S)-R’NH,* 
and + (S)-R'NH,; T md and 
(S)-RCO,H (5)-ВСО, (S)R'NH,* 
racemic mixture an enantiomeric The (R,S)-salt and the (S,S)-salt are not enantiomers: 
amine they are diastereomers and may be separated. 


In this reaction, the only possible products are the (R,S)-salt and the (S,S)-salt, 
which are not enantiomers of each other. The enantiomers of these two salts are 
the (S, R)-salt and the (А, R)-salt, respectively. Neither of these latter enantiomers 
can be formed in this reaction because only the (S)-amine was used as a reactant. 

After separation, each diastereomeric salt is treated with a strong base to 
regenerate the amine. The amine and the carboxylate ion may be separated by 
extraction with a solvent such as diethyl ether (in which the amine is soluble, but the 
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carboxylate salt is not). Acidification of the aqueous phase yields the free enantio- 
meric carboxylic acid. 


(R-RCO,  (S-RNH,* “E, (R)-RCO;~ + (S)RNHB, 


one of the pure 


diastereomeric salts НСІ 


(R)-RCO,H 


as a pure enantiomer 


This resolution of a racemic acid depends on salt formation with a single 
enantiomer of a chiral amine. Commonly used amines are amphetamine, which is 
commercially available as pure enantiomers, and the naturally occurring strych- 
nine (page 733). 

CH, 


| 
(СО) -ененмн, 


amphetamine 


STUDY PROBLEM 


(a) Write Fischer projections for the enantiomers of amphetamine, and assign 
the ( R) and (5) configurations. 
(b) Write an equation to show the products of the reaction of (R)-amphetamine 
with (R)(S)-lactic acid. 
OH 


| 
CH,CHCO,H 


2-hydroxypropanoic acid 
(lactic acid) 


Summary 


Stereoisomerism is isomerism resulting from different spatial arrangements of 
atoms in molecules. Geometric isomerism, one form of stereoisomerism, results 
from groups being cis (same side) or trans (opposite sides) around a pi bond 
or on a ring. Geometric isomers of alkenes may also be differentiated by the letter 
(E), opposite sides, or (Z), same side. 

Rotation of groups around sigma bonds results in different conformations, 
such as the eclipsed, gauche, staggered, and anti conformations. Lower-energy 
conformers predominate. Conformers are interconvertible at room temperature 
and therefore are not isolable isomers. A cyclic compound assumes puckered 
conformations to relieve strain of unfavorable bond angles and, more important, 
to minimize repulsions of substituents. For the cyclohexane ring, the chair-form 
conformer with substituents equatorial instead of axial is favored. 

A chiral molecule is a molecule that is nonsuperimposable on its mirror image. 
The pair of nonsuperimposable mirror images are called enantiomers and represent 
another type of stereoisomerism. Each member of a pair of enantiomers rotates 
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the plane of polarization of plane-polarized light an equal amount, but in opposite 
directions. An equimolar mixture of enantiomers, called а racemic mixture, is 
optically inactive. 

Chirality usually arises from the presence of a carbon with four different 
atoms or groups attached to it. The arrangement of these groups around the 
chiral earbon 15 called the absolute configuration and may be described as (А) or (5). 
Fischer projections are often used to depict chiral molecules. 

A molecule with more than one chiral carbon has more stereoisomers than a 
single enantiomeric pair. Stereoisomers that are not enantiomers are diastereomers. 
If a molecule has more than one chiral carbon and can be superimposed on its 
mirror image, it is optically inactive and is called a meso form. 

The different types of tsomerism may be summarized: 


A. Structural isomers differ in order of attachment of atoms: 
(CH,);CHCH, аа  CH,CH,CH,CH, 
B.  Stereoisomers differ in arrangement of atoms in space. 


1. Enantiomers: nonsuperimposable mirror images 


CO,H CO,H 
HeC-OH HO—C—H 
HO—C-H Mecon 
CO,H CO,H 
(2R.3R) (25.35) 


2. Diastereomers: попепаппотегс stereoisomers 


Containing chiral carbons: 


CO,H CO,H 
He—C—OH HeC—OH 
HO—C—H H—C-OH 

CH,OH CH;OH 

(2К3К) meso 


Achiral: 


also called 
geometric isomers 


cis. or (Z) trans. or (E) 


A pair of enantiomers have the same physical and chemical properties except 
for the direction of rotation of the plane of polarization of plane-polarized light 
and their interactions with other chiral substances. Enantiomers may be resolved 
by (1) treatment with a chiral reagent to yield a pair of diastereomers ; (2) separation 
of the diastereomers, which do not have the same properties; and (3) regeneration 
of the separated enantiomers. 
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STUDY PROBLEMS 


4.16. Give structural formulas for each of the following compounds (both geometric isomers, if 
any) and label each as cis, trans, ог no geometric isomer: (а) 1-hexene; (Б) 2-hexenc; 
(с) 2-methyl-l-butenc; (d) I-chloro-2-butene; (е) 1,3-dicthyleyclohexane. 


4.17. Write structural formulas for the alkenes of molecular formula СН, that exhibit 
gcometric isomerism. Indicate the cis- and trans-structures. 


4.18. Which of the following compounds exhibit geometric isomerism? 


(а) L2-diphenylethene 

(b) 1-butene-3-yne, CH; =CHC=CH 

(c) 2-pentene-4-yne, CH,CH —CHC-CH 

(d) 2.3-dimethyl-2-pentene 

(e) ethyl 2-butenoate, CH,CH —CHCO;CH ;CH,; 


4.19. Assign (E) ог (Z) to each of the following alkenes. (Note: СН. — = phenyl.) 


H.C B H.C CO,H H 

3 > j Я з Оаа : m Lu 
(a) Pe (b) P. mM (c) p =C 

cl CH, H CH; He CO,H 

cl H H МСН), CO,H 
а с=с “с=с s f шы 6. | 

I IN = O „ем 
Br CH, Ha ӘНЕ CU —H 


4.20. Draw the structure of each of the following compounds, showing its stereochemistry: 


(a) (E)-2-chloro-2-butene 

(b) (2Z.4Z)-nonadiene 

(c) (Z)-2-pentene 

(d) (£E)-2-bromo-1-nitro-2-butene 


4.21. Name and give formulas for the geometric isomers of 2,4-hexadiene, using the E and Z 
system. 


4.22. Draw the formulas and label the geometric isomers (if any) for the following compounds: 


CH;OH 
О 
(а) cH с, (Б) eu (Оси, (c) OH 
HOCH, О 
(d) A (e) Te шз (f) 
Br HO 


4.23. Draw the Newman projections for the anti and two eclipsed conformations of 
],2-diiodoethane. Of the two eclipsed conformations, which is of higher energy? 
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4.24. Draw the Newman projection for an anti conformer (if any) for each of the following 
compounds. Use the circled carbons as the center of the Newman projection. 


(a) HO.CCHÉH,CH)CO.H (b) HO.CCHCH)CH; CO, 


CH, CH, 


(с) HO,C(CH)CH,CH,CO.H 


4.25. Which of the following compounds contains one or more strained rings? 


Н,С GH, 
О 
P ARS wr 
(а) H,C—CHCH, (b) 7 
* propylene oxid 
ру ide CH, 
a-pinene 


in turpentine 


= NCH, 
i 
(c) О (а) CHCO 
| O 
О CH,OH 
phthalic anhydride scopolamine 


a preoperative anesthetic 


4.26. Label each of the following positions as axial or equatorial: 


(d) 
(с) 
(а) 
(b) 


4.27. Which of the following conformations is most stable? (More than one compound is shown.) 


СН, CH, H H 
H H Н.С CH; 
(a) (b) 
CH, H : CH; СН, 
H CH; H H 
(c) (d) 


154 


4.28. 


4.29. 


4.30. 


4.31. 


4.33. 


4.34. 
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Which of the following conformations is more stablc? 


C(CH,), 


GHI 
(a) (b) 
Н.С 


(а) Why is a cis-1,3-disubstituted cyclohexane more stable than the corresponding 
trans-structure? 
(b) 15 the cis-1,2-isomer more stable than the trans-1,2-disubstituted cyclohexane? 


Draw the following compound in the chair form with all of the ring hydrogen atoms in 
axial positions: 


HOCH, 
о 
НО OH 


OH ОН 


Draw the structure of the preferred conformation of (а) 1-methyl-1-propylcyclohexane; 
(b) cis-1-methyl-2-propylcyclohexane; (с) trans-1-methyl-3-propylcyclohexane. 


Which of the following compounds contain chiral molecules? 
(a) 2-methyl-2-phenylbutane; (b) 1,2-dibromo-1,2-diphenylpropane. 
Star the chiral carbons (if any): 
CH, 
(a) (СН,),СНСНВгСН, (b) ЕЕЕ 


(с) H,NCH,CO,H (d) CH,CHBrCHBrCH,CH, 
(e) тЫ (f) Beg qu 
CH, OH 


Which of the following formulas represents a chiral molecule? 


OH 
(a) Gey, (b) 
Н.С СН, 
ОН 
СН, 
СН, O 
(c) (d) 


CH, HO OH 


4.35. 


4.36. 


4.37. 


4.38. 


4.39. 


4.40. 


4.41. 


4.42. 
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Show the configuration of the enantiomer of each of the following compounds: 


CHO 
Нон CO.H 
(à  He—C—OH (b) H,N—C—H 
сон сн. (С)-он 
нон 


Give the structures and configurations for all the stereoisomers of five-carbon alcohols 
(with one OH) that have stereoisomers, and indicate any enantiomeric pairs. 


A carboxylic acid of the formula C,H4O,Br is optically active. What is its structure? 


Give the structure of the lowest-molecular-weight alcohol (containing only C, H, and O) 
that is chiral. 


Convert the following dimensional formulas to Fischer projections. (Molecular models may 
be helpful.) 


CO,H co; єн, 
H.N—C-—H 5b с Сыл 
(a) H, е (b) i (с) Br 
CH,CH(CH,), н / ‘OH CH,CH, “CH 
CH; || 
О 
н Вг 
MA. дон ку eH 
(d) сс сс 
NR cH T CO,H 
О 


Convert the following Fischer projections to dimensional formulas (not necessarily the 
lowest-energy conformers): 


CO,H CHO CH,OH 
id ! 

(à  H,N—-—H (b) | H——OH () | C—O 

CH,OH чон н——он 

ссы CH,OH 


For each Fischer projection in Problem 4.40, draw the Fischer projection of the enantiomer. 


Match the compound on the left with its stereoisomer, if any, on the right. 


HOCH, 
CO,H 
1 


(а) (1) H,N-"Cv-H 
1 
Сн, 
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СОН "Y 
(b) sn Q) K > 
CH; HOCH; 
OH H 
(© н——Ссн, (3) сн,=С—сн›сн, 
СН›СН›СН, Он 
OH OCH; 
(d) cuon (4) нафси 
CH; бн 


4.43. Which of the following pairs of formulas represent enantiomeric pairs? 


CH,OH CH; E 
O 
(a) OH 
HO 
OH 
HOCH, О О CH,OH 
(b) and 
OH HO 
HO OH HO OH 
CO,H CO,H 
(c) HEN н апа Н.М н 
CH,CH(CH;), (CH;),CHCH, 
CO, Н CH; 
OU and 
CH; O;H 


4.44. А pure sample of (S)-2-butanol has an [2]2° of + 13.5°. What is the specific rotation of 
(R)-2-butanol? 


4.45. Which of the following formulas represent meso compounds? 

Тыз 

H= C—0OH 

HO OH мое c 
(a) (b) | (c) 

Cd ae 

H € pie 
CHO 


4.46. 


4.47. 


4.48. 


4.49. 


4.52. 
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How many chiral carbons do each of the following compounds contain? 


OH CH, 


SS 


(a) (b) HOCH, 


(<) C(CH,), (d) CH,CH 


D 
Н.С „СН, 


| 
(е) CH,CH,CHCI (Г) 
HOC CO,H 


Draw dimensional or ball-and-stick formulas for the following compounds. (Use models.) 
(а) (R)-2-bromopropanoic acid. and 
NH; 
(b) ethyl (2R,35)-3-amino-2-10do-3-phenylpropanoate, C.H, CHCHICOCH,CH, 
What is the maximum number of stereoisomers possible for 
(a) 3-hydroxy-2-methylbutanoic acid, and (b) 2.4-dimethyl-1-pentanol? 


(a) Which of the following Fischer projections represent enantiomers? 
(b) Which are diastereomers? 
(c) Which is a meso form? 


COH COH CO;H 
H——OH Es eon нон 
HO——H н——он н— он 
HO——H н——Он Hon 

CO,H CO,H CO,H 


1 И Ш 


Write Fischer projections for all possible configurations of 2,3,4-pentanetriol. Indicate 
enantiomeric pairs. Are there any meso forms? 


Draw dimensional or ball-and-stick formulas for (а) any enantiomeric pairs, (Б) a meso 
form. and (с) any diastereomeric pairs for HO,;CCHBrCH,CHBrCO,H. 


Draw a dimensional or ball-and-stick formula for (25.35 )-2.3-dichlorobutanedioic acid, 
HO,CCHCICHCICO,H. 
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4.53. 


4.54. 


4.55. 


4.56. 


4.57. 


4.58. 
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Assign an (R) or (S) designation to each of the following structures: 


| NH, D 
Bj SG b СН, C—CO,H 
(a) cry CH (b) O- gum 2 (c) n Cm H 
CHO : IS 
i H CH,C CHO 
н єн, со,н 
(d) — (e) H LOH 9 мо 
E Y, H ——OH 
Е СО,СН, 
CH,OH 


(a) Draw formulas for all the geometric isomers of 1,2,3,4-cyclobutanetetracarboxylic acid. 
(b) Which of these geometric isomers contain no chiral carbons? (с) Which are meso 
forms? (d) Which can exist as enantiomers? 


In the middle of the 19th century, it was proposed that a carbon atom with four groups 
attached is tetrahedral and not flat or pyramidal. Place yourself in the position of a chemist 
of that era and answer the following questions. (1) In each of the following systems, how 
many stereoisomers would exist for a compound in which carbon is attached to four 
different groups? (2) In each system, how many pairs of enantiomers are possible? 


(a) Carbon forms four planar bonds with bond angles of 90^. 
(b) Carbon forms four tetrahedral bonds with bond angles of 109.5°. 
(c) Carbon forms four regular (square) pyramidal bonds (carbon at the apex). 


Draw the most stable chair-form conformations for the following structures. (Note that cis 
and trans relationships may be deduced by the broken wedges or lack of them.) 


OH CI 
CH,OH z pa 
(a) CY (b) (c) 
CI 
CH,OH 


(a) Draw the structure for the most stable conformer of the following menthyl chloride: 


GH, 


= CI 


CH(CH,), 


(b) Draw the structure of the chair-form conformer in which Cl is anti to an H on one of 
the adjacent carbon atoms. Would you expect a substantial percentage of the menthyl 
chloride molecules to be in this latter conformation? 


Inositols are 1,2,3,4,5,6-hexahydroxycyclohexanes that are found in all cells. scy//o-Inositol 
is the most stable of all the inositols. Draw its structure in the chair form. 


4.59. 


4.60. 


4.61. 


4.62. 


3.63. 


4.64. 


4.65. 


4.66. 


4.67. 


4.68. 
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Draw Newman projections of carbons 2 and 3 in the following structures, showing all 
J E 
possible staggered conformations: 


Br. a aN H 
( <n ee 
(а) неў (b) HO, cy с. 
сон СО,Н H CO,H 


Draw Newman projections for the most stable and the least stable conformations of 
(15.2 R)- 1.2-dibromo-1,2-diphenylethane. 


Draw Newman projections for all stereoisomers of 1-bromo-1,2-diphenylpropane in which 
the H on carbon 2 and the Br are anti. 


Assign (К) and (S) configurations to the stereoisomers of 1-bromo-],2-diphenylpropane. 


(S)-2-lodobutane has an [x]j,* of +15.9°. (а) What is the observed rotation at 24? of an 
equimolar mixture of (R)- and (S)-2-iodobutane? (Б) What is the observed rotation (at 
24 . |-dm sample tube) of a solution (1.0 роті) of a mixture that is 25°. (R)- and 75% 
(S)-2-10dobutane? 


What is the specific rotation of each of the following solutions at 20°, Na D-line? 


(a) 1.00 g of sample is diluted to 5.00 mL. A 3.00-mL aliquot is placed in a tube that is 
1.0 cm long. The observed rotation is +0.45°. 

(b) A 0.20-g sample is diluted to 2.0 mL and placed in a 10-cm tube. The observed 
rotation is —3.2°. 


Each of the following compounds is dissolved in an optically inactive solvent. Which would 
cause a rotation of the plane of polarization of plane-polarized light? 


(а) QS.3R)-butanediamine, CH,CH— CHCH, 

(b) (2S.3S)-butanediamine 

(c) an equimolar mixture of (a) and (b) 

(d) anequimolar mixture of (b) and (2R,3R)-butanediamine 
(e) the principal constituent of oil of balsam (page 912). 


Calculate the specific rotation of (а) an equimolar mixture of ( — )-tartaric acid and 
meso-tartaric acid, and (Б) an equimolar mixture of (—)- and (4-)-tartaric acid. (The 
[x]à? for (+ )-tartaric acid is + 12.0°.) 


(+ )- Tartaric acid (page 148) is produced commercially as a by-product of wine-making. 
Using flow equations, show how you would resolve (+ )-amphetamine 
(1-phenvl-2-propylamine). 


The compound CH; CH=C=CHCH, belongs to a class of compounds called allenes. 
Although this compound has no chiral carbon, it does exist as a pair of enantiomers. 
Explain. ( Hint: Consider the bonding and the resultant geometry. Use models.) 
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4.69. Which of the following compounds has an enantiomer? [Use models for (b) and (c).] 


єн, 
OH O NM. 


OH 


CH; 
O OH О ; 
(d) © (е) ‹ 20 
H 


4.70. (a) If we consider the cyclohexane ring to be planar, we would predict that 
cis-1,2-dimethylcyclohexane would be achiral, even though it contains two chiral 
carbons, because it has an internal plane of symmetry. However, if we consider the 
more realistic chair form of this compound, we see that it does пог contain such a plane 
of symmetry. Yet, cis-1,2-dimethylcyclohexane cannot be resolved into a pair of 
enantiomers. Explain. (Hint: Consider the conformational equilibrium. Use models.) 

(b) Could rrans-1,2-dimethylcyclohexane be resolved? Explain. 


СНАРТЕК 5 


Alkyl Halides ; 
Substitution and 
Elimination Reactions 


EX meten compounds are used extensively in modern society. Some 
are used as solvents, some as insecticides, and some as intermediates in the 
synthesis of other organic compounds. Most organohalogen compounds are 
synthetic. Naturally occurring organohalogen compounds are rather rare. Thy- 
roxine, a component ofthe thyroid hormone thyroglobulin, is a naturally occurring 
iodine compound. Another naturally occurring organohalogen compound 1$ 
Tyrian purple, obtained in tiny amounts from a rare species of snail found in 
Crete. Tyrian purple was used as a dye by the Phoenician royalty and later by the 
Romans. (We still hear the phrases “royal purple" or “born to the purple.") The 
structure of this compound is shown on page 917. 

As a class of compounds, organohalogen compounds are toxic and should 
be used with caution. For example, the solvents carbon tetrachloride (СС1„) and 
chloroform (СНСІ;) both cause liver damage when inhaled in excess. Insecticides 
that contain halogens (such as DDT) have been widely used in agriculture; 
however, their use has declined in recent years due to their detrimental effects upon 
the environment. 


CCl, 
DDT 
an insecticide 


Compounds containing only carbon, hydrogen, and a halogen atom fall into 
one of three categories: alkyl halides, aryl halides (in which a halogen is bonded to 
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a carbon of an aromatic ring), and vinylic halides (in which a halogen is bonded toa 
double-bonded carbon). A few examples follow: 


Alkyl halides (RX): CHjl CH,CH,Cl 
iodomethane chloroethane 
Aryl halides (ArX): 
Е 
bromobenzene a polychlorinated biphenyl (PCB) 


a toxic compound that 


has been used asa 
cooling fluid in transformers 


Vinylic halides: 
ar 
CH;-—CHCI CH ,CH=CCH, 
chloroethene 2-bromo-2-butene 


(vinyl chloride) 
the starting material for 
polyvinyl chloride (PVC), 
a plastic used for piping, 
house siding, phonograph 
records, and trash bags 


We have already defined К as the general symbol for an alkyl group. In a 
similar manner, Аг is the general symbol for an aromatic, or aryl, group. A halogen 
atom (F, Cl, Br, or I) may be represented by X. Using these general symbols, an 
alkyl halide is RX, and an aryl halide such as bromobenzene (C,H;Br) 15 ArX. 

A halogen atom in an organic compound is a functional group, and the 
C—X bond isa site of chemical reactivity. In this chapter, we will discuss reactions 
of only the alkyl halides. Агу/ halides and vinylic halides do not undergo the reactions 
that we will present in this chapter, partly because a bond from an sp? carbon is 
stronger than a bond from an sp? carbon (Section 2.4F). Because this is the first 
chapter devoted to compounds containing functional groups, we will also use this 
chapter as an introduction to organic chemical reactions. 


SECTION 5.1. 


Bonding in Organohalogen Compounds 


The carbon-halogen sigma bond is formed by the overlap of an orbital of the 
halogen atom and a hybrid orbital of the carbon atom. We cannot be sure of the 
hybridization (or lack of it) of the halogen atom in an organic halide because a 
halogen forms only one covalent bond and therefore has no bond angle around it. 
However, carbon uses the same type of hybrid orbital to bond to a halogen atom 
as it does to bond to a hydrogen atom or to another carbon atom. 
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uv H CI / 

| | МОМУ / 
H—C—C—Cl GEG СІ 

я 4 № 

ИЗ H H 


A halogen atom is electronegative with respect to carbon; therefore, alkyl 
halides are polar, as illustrated by the following dipole moments. (Dipole moments 
were discussed in Section 1.8B.) 


Dipole moments of the methy! halides: 


Ger ва CH,Br Ени 
jme 15180 1.86 D 1.75 D 1.64 D 


A carbon atom bonded to a halogen atom has a partial positive charge. The 
positive charge renders this particular carbon atom in an organic molecule sus- 
ceptible to attack by an anion. As we will see, attack at this positive carbon is part 
of the general pattern of reactions of alkyl halides. 


this carbon has no this carbon has a 
S — 5+ ô- Е Dm 
partial positive CH -CH CH CH —Br partial positive 
г j зп 2 2 
charge and is not х charge and can be 


attacked by anions 55 ~> attacked by ап anion 


SECTION 5.2. 


Physical Properties of Halogenated Alkanes 


The names, boiling points, and densities of several halogenated alkanes are listed 
in Table 5.1. Except for fluorine, halogen atoms are heavy compared to carbon or 
hydrogen atoms. The increase in molecular weight as halogen atoms are sub- 
stituted into hydrocarbon molecules causes an increase in the boiling points of a 
series of compounds. Compare, for example, the boiling points of CH 4Cl, СН,СІ,, 
СНСІ, ‚ and CCl,. 

Again, because of the mass of a halogen atom, the densities of liquid alkyl 
halides are often greater than those of other comparable organic compounds. 
Whereas most organic compounds are lighter than water, many common halo- 
genated solvents, such as chloroform or dichloromethane, are heavier than water 


TABLE 5.1. Physical properties of some halogenated alkanes 


IUPAC name Trivial name Formula Вр, © Density, д/сс at 20° 
chloromethane methyl chloride CH,Cl —24 gas 
dichloromethane methylene chloride CH,Cl, 40 1.34 
trichloromethane chloroform CHCI, 61 1.49 
tetrachloromethane carbon tetrachloride CCl, 77 1.60 
bromomethane methyl bromide CH,Br 5 gas 


iodomethane methyl iodide СН, 43 2.28 
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(densities greater than 1.0 g/cc). These compounds sink to the bottom of a con- 
tainer of water rather than floating on top as do most organic compounds. Halo- 
genated hydrocarbons do not form hydrogen bonds and are insoluble in water. 


SECTION 5.3. 


Nomenclature and Classification of Alkyl Halides 


In the IUPAC system, an alkyl halide is named with a halo- prefix. Many common 
alkyl halides also have trivial functional-group names. In these names, the name 
of the alkyl group is given, followed by the name of the halide. 


Gl 
| 
а CAGHIGH® (У 
IUPAC: 2-chlorobutane bromocyclohexane 
trivial: sec-butyl chloride cyclohexyl bromide 


In chemical reactions, the structure of the alkyl portion of an alkyl halide is 
important. Therefore, we need to differentiate the four types of alkyl halides: 
methyl, primary, secondary, and tertiary. 

A methyl halide is a structure in which one hydrogen of methane has been 
replaced by a halogen. 


The methyl halides: 
CH,F CH,Cl CH,Br сни 
fluoromethane chloromethane bromomethane iodomethane 


The head carbon of an alkyl halide is the carbon atom bonded to the halogen. 
A primary (1°) alkyl halide (ВСН ; X) has one alkyl group bonded to the head carbon. 
In the following examples, the head carbons and their hydrogens are circled. 


Primary alkyl halides (one alkyl group attached to head): 


CH,— CH, Br (CH4,C— CH,CI ФЕ 


bromoethane l-chloro-2.2-dimethylpropane (iodomethyl)eyclohexane 
(ethyl bromide) (neopentyl chloride) 


A secondary (2^) alkyl halide (R;CHX) has two alkyl groups attached to the 
head carbon, and a tertiary (3°) alkyl halide (В CX) has three alkyl groups attached 
to the head carbon. (Note that a halogen attached to a cycloalkane ring must be 
either secondary or tertiary.) 


Secondary alkyl halides (two alkyl groups attached to head): 


nas HC-CH; 
CH,CH; CH—Br Н.С, ,CH-Cl or (а 


С 
H, 


2-bromobutane chlorocyclopentane 
(sec-butyl bromide) (cyclopentyl chloride) 
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Tertiary alkyl halides (three alkyl groups attached to head): 


CH, 
| Br 
СН. T 348] 
СН, CH; 
2-chloro-2-methylpropane I-bromo-1-methylcyclopentane 


(1-butyl chloride) 


SAMPLE PROBLEM 


Classify each of the following alkyl halides as |. 2°. or 3°: 
T а Кете 
(а) СН,СНСН,С! (b) < A (c) pi 
CI 


CH,CH,CH, 


Solution: (a) 1 : (b) 3: (02 


STUDY PROBLEMS 


5.1. Write two names for (а)(СН;),С1; (Ы) (СН,),СНСІ; (c) (CH4);CHCH,I. 

5.2. Write structural formulas for (а) 1,1-dibromobutane; (b)3-chloro-1-butene; 
and (c)2-fluoro-1-ethanol. 

SECTION 5.4. 


A Preview of Substitution and Elimination Reactions 


A. Substitution reactions 


The head carbon atom of an alkyl halide has a partial positive charge. This 
carbon is particularly susceptible to attack by an anion or by any other species 
that carries an unshared pair of electrons in the outer shell. The result is a substi- 
tution reaction—a reaction in which one atom, ion, or group is substituted for 
another. 

the a-hond electrons 


leave with the halogen 
HOS + CH,CH,Z2Br: CH,CH,—OH + Br: 


hydroxide ion bromoethane ethanol 


CH,Ó: + CH,CH,CH,—Cl: ——— CH,CH,CH,—OCH, + ËT 


methoxide ion 1-chloropropane methyl n-propyl ether 


In substitution reactions of the alkyl halides, the halide is called the leaving 
group, a term meaning any group that can be displaced from a carbon atom. 
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Halide ions are good lcaving groups because thcy are very weak bases. Strong bases, 
such as ОН, are very poor leaving groups. In this chapter, we will discuss only 
the halides as leaving groups; we will introduce other leaving groups as we en- 
counter them in subsequent chapters. 

In substitution reactions of alkyl halides, the iodide топ is the halide most 
easily displaced, followed by the bromide ion and then the chloride ion. Because 
F is a stronger base than the other halide ions, it is not as good a leaving group. 
From a practical standpoint, only Cl, Вг, and 1 are good enough leaving groups 
to be useful in substitution reactions. For this reason, when we refer to RX, we 
usually mean alkyl chlorides, bromides, and iodides. 


RF RCI RBr RI 
increasing reactivity 


The species that attacks an alkyl halide in a substitution reaction is called a 
nucleophile (literally, " nucleus lover”), often abbreviated Ми’. In the preceding 
equations, ОН апа CH4O are the nucleophiles. Generally, a nucleophile is any 
species that is attracted to a positive center; thus, a nucleophile is a Lewis base. 
Most nucleophiles are anions; however, some neutral polar molecules, such as 
H-O, CHOH, and СН. МН,, can also act as nucleophiles. These neutral mole- 
cules all contain unshared electrons that can be used to form sigma bonds. Sub- 
stitutions by nucleophiles are called nucleophilic substitutions, or nucleophilic 
displacements. 

The opposite of a nucleophile is an electrophile (“electron lover”), often 
abbreviated E*. An electrophile is any species that is attracted toward a negative 
center—that is, an electrophile is a Lewis acid, such as H* or ZnCl,. Electro- 
philic reactions are common in organic chemistry; you will encounter many of 
these reactions in later chapters. 


B. Elimination reactions 


When an alkyl halide is treated with a strong base, an elimination reaction can 
occur. An elimination reaction is one in which a molecule loses atoms or ions 
from its structure. The organic product of an elimination reaction of an alkyl 
halide is an alkene. In this type of elimination reaction, the elements H and X are 
lost from the alkyl halide; therefore, these reactions are also called dehydrohalo- 
genation reactions. (The prefix de- means “minus” or “loss of.”’) 


:Вг: H 
р ws " - 
©ЄН,СН— СН, + 1 — — CH CH=CH; + HO + Br 
2-bromopropane propene 
(isopropyl bromide) (propylene) 
CH, CH; 


| | 

ЕСС ot “Ol === = a НО) а= © 
| 
CH; CH; 


2-chloro-2-methylpropane methylpropene 
(t-butyl chloride) (isobutylene) 


ү 
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C. Competing reactions 


A hydroxide ion or alkoxide ion (КО) can react as а nucleophile in a substitution 
reaction or as a Базе in an elimination reaction. Which type of reaction actually 
occurs depends on а number of factors, such as the structure of the alkyl halide 
(1°. 2°. ог 3°), the strength of the base. the nature of the solvent, and the tempera- 
ture. 

Methyl and primary alkyl halides tend to yield substitution products, not 
elimination products. Under equivalent conditions, tertiary alkyl halides yield 
principally elimination products. and not substitution products. Secondary alkyl 
halides are intermediate in their behavior; the relative proportion of the substitu- 
tion product to the elimination product depends to a large extent upon the 
experimental conditions. 


Gua. ен ано SS. CHICH,OCH,CH, 
Е almost 100", 
- CEHSCH.OH | 
Ко салво сњо: SEO, (ena GHOCH;CH, + сн.=енсн, 
E 20°, 80°, 
(cHy,cer + CH;CcH;o0- 95559 5, (cH,),coCcH,CH, + CH,=C(CH)), 
5% 9527 


0 


Because more than one reaction can occur between an alkyl halide and a 
nucleophile or base. substitution reactions and elimination reactions are said to be 
competing reactions. Competing reactions are common in organic chemistry. 
Because mixtures of products are the rule rather than the exception when com- 
peting reactions occur, we will not balance most of the organic equations in this 
book. 

In Sections 5.5-5.10, we will discuss two different types of substitution 
reactions (called $1 and S42 reactions) and two types of elimination reactions 
(El and E2). We will discuss each type of reaction individually, and then we will 
summarize the factors that can help us predict which of these reactions will pre- 
dominate in a given case. 


D. Nucleophilicity versus basicity 


Before proceeding with the details of substitution and elimination reactions, let us 
briefly consider the similarities and the differences between bases and nucleophiles. 
Under the proper circumstances, all bases can act as nucleophiles. Conversely, all 
nucleophiles can act as bases. In either case, the reagent reacts by donating a pair 
of electrons to form a new sigma bond. 

Basicity is a measure of a reagent’s ability to accept a proton in an acid-base 
reaction. Therefore. the relative base strengths of a series of reagents are deter- 
mined by comparing the relative positions of their equilibria in an acid-base 
reaction. such as the degree of ionization in water. 


а strong bases 
als :Br: Ха: ВОН H,Ö ~:C=N: :Он Ок 
increasing basicity 
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In contrast to basicity, nucleophilicity is a measure of a reagents ability to 
cause a substitution reaction. The relative nucleophilicities of a series of reagents 
are determined by their relative rates of reaction in a substitution reaction, such as a 
substitution reaction with bromoethane. 


HQ вон ÖT Bi зон ÖR de CN: 
increasing nucleophilicity 


A list of relative nucleophilicities does not exactly parallel a list of base 
strengths; however, a stronger base is usually a better nucleophile than a weaker 
base. For example, OH (a strong base) is a better nucleophile than СЇ” or H,O 
(weak bases). We will discuss the factors affecting nucleophilicity in greater detail 
in Section 5.10. 


SAMPLE PROBLEM 


Give the structures of the substitution products (if any) of the following reactions: 


(а) CH,CH,CH,CH,I + ^ CN 


(b) Она» OH 
(c) TOSE OH 


Solution: (a) CH,CH,CH;CH;CN: (b) no reaction for an aryl halide; 


(c) Cl 247 CH,OH 


/ 
= 


STUDY PROBLEMS 


5.3. _ Write equations (not necessarily balanced) for the reactions of the following 
compounds with CH;0 . Show both substitution and elimination products (if 
any). 


(а) (CH,CH,,CHCI (Ы) (в (с) (Осн 


5.4. Show by equations how you would prepare the following compounds from alkyl 
halides and appropriate nucleophiles. Show two paths to compound (a). 


(а)  CH,CH,CH,OCH,CH,CH(CH,, (b) (ex 
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SECTION 5.5. 


The S42 Reaction 


The reaction of bromoethane with hydroxide 10n to yield ethanol and bromide ion 
(page 165) is a typical S42 reaction. (S42. means "substitution, nucleophilic, 
bimolecular.” The term bimolecular will be defined in Section 5.5B.) Virtually any 
methyl or primary alkyl halide undergoes an S42 reaction with any relatively 
strong nucleophile: OH, OR, CN, and others that we have not yet mentioned. 
Methyl or primary alkyl halides also undergo reaction with weak nucleophiles, 
such as H,O., but these reactions аге too slow to be of practical value. Secondary 
alkvl halides can also undergo S42 reactions ; however, tertiary alkyl halides do not. 


A. Reaction mechanism 


The detailed description of how a reaction occurs is called a reaction mechanism. 
A reaction mechanism must take into account all known facts. For some reactions, 
the number of facts known is considerable, and the particular reaction mechanisms 
are accepted Бу most chemists. The mechanisms of some other reactions are still 
quite speculative. The S42 reaction 15 one that has been studied extensively; there 
is a large amount of experimental data supporting the mechanism that we will 
present. 

For molecules to undergo a chemical reaction, they must first collide. Most 
collisions between molecules do not result in a reaction; rather, the molecules 
simply rebound. To undergo reaction, the colliding molecules must contain enough 
potential energy for bond breakage to occur. Also, the orientation of the molecules 
relative to each other is often an important factor in determining whether a reaction 
will occur. This is particularly true in an S42 reaction. In this section, we will first 
discuss the stereochemistry of the S42 reaction, then we will discuss the energy 
requirements. 


B. Stereochemistry of an S42 reaction 


In the S42 reaction between bromoethane and hydroxide ion, the oxygen of the 
hydroxide ion collides with the rear of the head carbon and displaces the bromide 
ion. 


Overall S. 2 reaction: 


HCH; Н.Сн 


ног Св 
/ 
H H 


rear attack 


When a nucleophile collides with the backside of a tetrahedral carbon atom 
bonded to a halogen, two things occur simultaneously: (1) a new bond begins to 
form, and (2) the C—X bond begins to break. The process is said to be a one-step, 
or concerted. process. If the potential energy of the two colliding species is high 
enough, a point is reached where it is energetically more favorable for the new bond 
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to form and the old C—X bond to break. As the reactants are converted to prod- 
ucts, they must pass through an in-between state that has a high potential energy 
relative to the reactants and the products. This state is called the transition state, 
or the activated complex. Because the transition state involves two particles (Nu 

and RX), the S42 reaction is said to be bimolecular. (The “2” in S42 indicates 


bimolecular.) 
partial bonds 


^ "x 


9-1 EN " ; 
H CH; Сн GB; P. Н.С H 
HO + CB RÀ dde Me HO—G 4 Br 
H H H 


transition state: 
high potential energy, 
equally able to go to reactants 
or products 


A transition state in any reaction is the fleeting high-energy arrangement 
of the reactants as they go to products. We cannot isolate a transition state and 
put it in a flask. The transition state is simply a description of “molecules in а 
state of transition." We will often use square brackets in an equation to show any 
temporary, nonisolable structure in a reaction. Here, we use brackets to enclose 
the structure of a transition state. Later, we will sometimes use brackets to indicate 
unstable products that undergo further reaction. 

For the S42 reaction, the transition state involves a temporary rehybridiza- 
tion of the head carbon from sp? to sp? and finally back to sp? again. In the tran- 
sition state, the carbon atom has three planar sp? bonds, plus two half-bonds using 
the p orbital. 


p orbital 


i oam sp? carbon 


As the nucleophile attacks from the rear of the molecule, relative to the 
halogen atom, the other three groups attached to the carbon flatten out in the 
transition state, then flip to the other side of the carbon atom, much as an umbrella 
blowing inside out. (Models would be useful to help you visualize this.) This 
flipping is called inversion, or Walden inversion after the chemist who discovered it. 

The existence of inversion as part of the mechanism of an S42 reaction has 
been beautifully demonstrated by reactions of pure enantiomers of chiral secondary 
alkyl halides. For example, the S42 reaction of (R)-2-bromooctane with OH 
yields almost exclusively (S )-2-octanol. 


НЕН Сны, ИЕ 
D- ; E 
НО M Eu 2, HOo-C + Br- 
, CH; 


S )-2-oct 1 
(R)-2-bromooctane (S)-2-octano 


96%, inversion 


5.5. 
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Most reactions involving chiral. molecules аге carried out. with racemic 
mixtures —that is, equal mixtures of (R) and (S) reactants. In these cases, the 
products also are racemic mixtures. Even though inversion occurs, we cannot 
observe the effects because half the molecules go one way and half go the other 
way. 


STUDY PROBLEM 


Wrile an equalion (showing the stereochemistry by using dimensional formulas) 
for Ше S42 reaction of (S)-2-bromobulane with CN ^. 


C. Energy in an S42 reaction 


We have mentioned that colliding molecules need energy to undergo reaction. 
We will now look at these energy requirements in more detail. 

Molecules moving around in a solution contain a certain amount of potential 
energy in their bonds and a certain amount of kinetic energy from their movement. 
Not all molecules in solution have exactly the same amount of potential or kinetic 
energv; however, we may speak of the average energy of the molecules. The 
total energv of the reaction mixture may be increased, usually by heating the 
solution. When heated, the molecules gain kinetic energy, collide more frequently 
and more energetically, and exchange some kinetic energy for potential energy. 

Before a reaction can begin to occur, some of the colliding molecules and 
ions in the flask must contain enough energy to reach the transition state upon 
collision. Reaching the potential-energy level of the transition state is rather like 
driving an old car to a mountain pass. Does the car have enough energy to make 
the top? Or will it stall and slide back down the mountain? Once you reach the top, 
which way do you go— back the way vou came or on down the other side? Once 
you are descending the far side, the choice is easy-- you can relax and let the car 
roll to the bottom. 

Figure 5.1 shows an energy diagram for the progress of an S42 reaction. The 
potential energy required to reach the transition state forms an energy barrier; 


| 
nerg 
trans tion 


| ТРИ: 


-— ——ÀÓ— 


^ 


Potential 
energy 


(Е) AH for reaction 


g'eradge energ » 


21 reactant 


"average energy 
of products 


Progress of reaction ——» 


FIGURE 5.1. Energy diagram of an S,,2 reaction. 
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it is the point of maximum energy on the graph. For a colliding alkyl halide and 
nucleophile to reach the transition state, they need a certain minimum amount 
of energy called the energy of activation E,.,. At the transition state, the molecules 
find it just as easy to go back to reactants or on to products. But, once over the top, 
the path of least resistance is that of going to products. The difference between the 
average potential energy of the reactants and that of the products is the change in 
enthalpy AH for the reaction (see Section 1.7). 


D. Rate of an S42 reaction 


Each molecule that undergoes reaction to yield product must pass through the 
transition state, both structurally and energetically. Since the energies of all the 
molecules are not the same, a certain amount of time is required for all the mole- 
cules present to react. This time requirement gives rise to the rate of a reaction. 
The rate of a chemical reaction 1s a measure of how fast the reaction proceeds; that 
is, how fast reactants are consumed and products are formed. Reaction kinetics 
is the term used to describe the study and measurement of reaction rates. 

The rate of a reaction depends on many variables, some of which may be 
held constant for a given experiment (temperature and solvent, for example). In 
this chapter, we will be concerned primarily with two variables: (1) the concen- 
trations of the reactants, and (2) the structures of the reactants. 

Increasing the concentration of reactants undergoing ап $42 reaction in- 
creases the rate at which products are formed because it increases the frequency of 
molecular collisions. Typically, the rate of an S42 reaction is proportional to the 
concentrations of both reactants. If all other variables are held constant and the 
concentration of either the alkyl halide or the nucleophile is doubled, the rate of 
product formation is doubled. If either concentration is tripled, the rate is tripled. 


Nu + RX — RNu+ Хо 
S42 rate = k(RX][Nu ] 


In this equation, [RX] and [Nu ` ] represent the concentrations in moles/liter 
of the alkyl halide and the nucleophile, respectively. The term А is the proportion- 
ality constant, called the rate constant, between these concentrations and the 
measured rate of product formation. The value for К is constant for the same 
reaction under identical experimental conditions (solvent, temperature, etc.) 


SAMPLE PROBLEM 


What would be the effect on the rate of the S42 reaction of СН, with CHO ^ 
if the concentrations of both reactants were doubled and all other variables were 
held constant? 


Solution: If the concentrations of both СН апа CHO were doubled, the 
rate would quadruple—the reaction would proceed four times as fast. 
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Because the rate of an S42 reaction depends on the concentrations of two 
particles (RX and Nu ), the rate is said to be second order, The S42 reaction is said 
to follow second-order kinetics. (Although the S42 reaction is also bimolecular, 
not all bimolecular reactions are sccond-order and not all second-order reactions 
are bimolecular. For example, see Problem 5.64, page 213.) 


E. Effect of E e on rate and on products 


The effect of the energies of activation on the relative rates of reaction may be stated 
simply: Under the same conditions, the reaction with the lower E, has a faster rate. 
The reason for this relationship is that, if less energy is required for reaction, a 
greater number of molecules have enough energy to react. 

Let us consider a case in which one starting material can undergo two 
different irreversible reactions leading to two different products. (А reaction in 
which the E,., of the reverse reaction is substantially greater than the Ea of the 
forward reaction is exothermic and essentially irreversible.) When the starting 
material can undergo two such reactions, the product of the faster reaction (the one 
with the lower E,.,.) predominates. Figure 5.2 shows energy curves of two such 
reactions of the same starting material. 

The £,, is the energy of the transition state relative to that of the reactants. 
Therefore, relative rates of reaction are related to the energies of the transition 
states. In competing reactions of the same starting material, the reaction with the 
lower-energy transition state is the faster reaction. From Figure 5.2, it is evident that 
the reaction with the lower-energy transition state has the lower Eze- 

A species of low potential energy is more stable than one of high energy. 
Therefore, we can also say that Ше reaction with a more stabilized transition-state 
structure is the faster reaction. This concept is useful in analyzing competing 


reactions to determine which reaction predominates. 


Reaction 1: higher £44, slower 
rate, lesser amount of products 


Reaction 2: more stabilized 
transition state, lower £ 
faster rate, its products 
predominate 


act? 


- Progress of reaction ———> 


FIGURE 5.2. In competing reactions of a single starting material, the reaction with the 
lower E,,, is the faster one. If the reactions are essentially irreversible, the products 
of the faster reaction predominate. 
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F. Effect of structure on rate 


Reaction kinetics provide a valuable tool for exploring the effects of structure 
upon reactivity. Consider the following two reactions: 


(1) Оон“ + СН,Вг — —À  GH;OH + Br 


bromomethane methanol 
a methyl halide 

(2) ОН еее 
bromoethane ethanol 


а 1° alkyl halide 


Both are S42 reactions and both yield alcohols. The two reactions differ only 
in the alkyl portion of the alkyl halides. We may ask the following question: 
“Does this difference in the alkyl group have an effect upon the rate of the S42 
reaction?" To answer such a question, the rates of the two reactions are measured 
under the same reaction conditions (the same solvent, the same concentrations, 
and the same temperature). Then, either the two rate constants (К, and k,) are 
determined or, more commonly, the relative rates are determined. 


CH,Br | —99 > .cH.en rate, = k((CH,Br][OH ] 


CH,CH,Br —O"., CH,CH,OH rate, = k,[CH,CH,Br][OH ] 


rate, 


relative rates of reaction of СН, Вг compared to CH,CH,Br = : 
rate» 


Under the experimental conditions used in one study, bromomethane 
undergoes reaction 30 times faster than bromoethane. (If it takes one hour for the 
bromoethane reaction to reach 50% completion, the bromomethane reaction 
would take about 1/30 as long, or only two minutes, to reach 507, completion!) 
We conclude that there is indeed a big difference in how the methyl and ethyl 
groups affect the rate of the reaction. 

In a similar fashion, the relative rates of a variety of S42 reactions of alkyl 
halides have been determined. Table 5.2 shows some average relative rates (com- 
pared to ethyl halides) of S42 reactions of alkyl halides. 


TABLE 5.2. Average relative rates of some alkyl halides in a typical S42 reaction 


Alkyl halide Relative rate 
CH;X 30 
CH;,CH;X 1 

GH Git Grin 0.4 
CH,CH,CH,CH,X 0.4 
(CH;),CHX 0.03 


(CH;);CX < 
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G. Steric hindrance in S42 reactions 


In S42 reactions of the alkyl halides listed in Table 5.2, methyl halides show 
the fastest rate, followed by primary alkyl halides, then secondary alkyl halides. 
Tertiary alkyl halides do not undergo S42 reactions. 


ЕХ ЕХ ЕХ CH;X 
increasing rate of 5,2 reaction 


As the number of alkyl groups attached to the head carbon increases 
(CH;X —^ 1° 2 2° — 3°), the transition state becomes increasingly crowded with 
atoms. Consider the following examples of reactions of alkyl bromides with the 
methoxide ion (CH4O ) as the nucleophile (CH,O + RBr > CHOR + Br ): 


H 
H., | Es 
CHEO — CBr BEES — н СЕВ 
H id 
N 
/ ^H 
bromomethane bromoethane 
very fast moderate rate 
н "m 
\ H H с 
© М 
H, 5 
Ин СВ CH,O-— н С-В 
SS cd H 
Ё = ^c 
H H E У 
H H 
2-bromopropane t-butyl bromide 
rery slow по S42 reaction 


Spatial crowding in structures is called steric hindrance. When large groups 
are crowded in a small space, repulsions between groups become severe and there- 
fore the energy of the system is high. In an S42 reaction, the energy of a crowded 
transition state is higher than that of a transition state with less steric hindrance. 
For this reason, the rates of reaction become progressively slower in the series 
methyl, primary, secondary, and tertiary (see Figure 5.3). The energy of the S42 
transition state of a tertiary alkyl halide is so high relative to other possible 
reaction paths that the S42 reaction does not proceed. 


SAMPLE PROBLEM 


The rate of S42 reaction of neopentyl bromide, (CH ,),CCH,Br, with sodium 
ethoxide, Жа” ~OCH-,CHs, proceeds about 0.00001 times as fast as the 
reacuon of bromoethane. Explain. 


Solution: Although neopentyl bromide is a primary alkyl halide, the alkyl group 
attached to the head carbon atom is very bulky. The steric hindrance in the 
transition state is considerable. Therefore, the Е, is high and the rate is slow. 
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a does not proceed 


— > 


2? 
1° 
Аъ 


Progress of reaction ——» 
FIGURE 5.3. Energy diagram for S42 reactions of different types of alkyl halides. 


STUDY PROBLEM 


5.6. | Which member of each of the following pairs undergoes the faster S42 reaction? 


(a) ( сна and сњ а 


" " 
(b) (CHj,CHCHCH,CH, and (CH;),CHCH,CHCH, 


(c) ORE and TROS 


SECTION 5.6. 


The S41 Reaction 


Because of steric hindrance, t-butyl bromide and other tertiary alkyl halides do not 
undergo S42 reactions. Yet, if t-butyl bromide is treated with a nucleophile that 
is a very weak base (such as H,O or CH,;CH,;OH), substitution products are 
formed, along with elimination products. Because Н,О or CH;CH,OH is also 
used as the solvent, this type of substitution reaction is sometimes called a solvolysis 
reaction (from solvent and -lysis, * breaking"). 


CH,CH;O 
LOLON, (CH,);COCH,CH, + CH,=C(CH3), 
t-butyl ethyl ether methylpropene 
(CH4),CBr 80% 20% 
во. (CH,COH. + СН,=С(СН)), 
i-butyl alcohol methylpropene 


70% 30°; 
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If tertiary alkyl halides cannot undergo S42 reactions, how are the substitution 
products formed? The answer is that tertiary alkyl halides undergo substitution 
by a different mechanism, called the SAI reaction (substitution, nucleophilic, 
unimolecular.) The experimental results obtained in Spl reactions are con- 
siderably different from those obtained in S42 reactions. Typically, if a pure 
enantiomer of an alkyl halide containing a chiral C—X carbon undergoes an 
Syl reaction, racemic substitution products are obtained (not the inverted products 
observed in an S42 reaction). It has also been determined that the concentration of 
nucleophile generally has little effect upon the overall rate of an S,1 reaction. (In 
contrast, the rate of an S42 reaction is directly proportional to the concentration 
of the nucleophile.) To explain these experimental results, we will discuss the 
mechanism of the S41 reaction using t-butyl bromide and water. For the moment, 
we will ignore the elimination product. 


(CH,,CBr + H,O ———9 (CH,),COH + Н? + Вг 


t-butyl bromide t-butyl alcohol 


A. The S,1 mechanism 


The 541 reaction of a tertiary alkyl halide is a stepwise reaction. Step 1 is the 
cleavage of the alkyl halide into a pair of ions: the halide ion and a carbocation, 
an ion in which a carbon atom carries a positive charge. Because Spl reactions 
involve ionization, these reactions are aided by polar solvents, such as Н,О, that 
can solvate, and thus stabilize, ions. 


Step 1: 
oe ае ds 
св -= [ену,с- = Br: | Е [CHOC Тв: 
transition state 1 unstable carbocation 


intermediate 


Step 2 is the combining of the carbocation with the nucleophile (Н,О) to 
yield the initial product, a protonated alcohol. 


Step 2: 


j 1 
Hm д+ | 5+ 
[CH44,C^] +Н,.б: ——+ = = dsl —— > (CH,),C—QH 
transition state 2 protonated 


t-butyl alcohol 


The final step in the sequence is the loss of H * by the protonated alcohol in a 
rapid, reversible acid-base reaction with the solvent. 


Step 3: 
H 
D. or ч l 
(CH3);CQH + H;O: -==> (CH;);COH + Но: 


excess t-butyl alcohol 
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fm. 7l 


carbocation 
intermediate 


—т=— > 


(CH; )3 СОН» + Вг 


Progress of reaction ——> 
FIGURE 5.4. Energy diagram for a typical $1 reaction. 


The overall reaction of t-butyl bromide with water is thus actually composed 
of two separate reactions: the S41 reaction (ionization followed by combination 
with the nucleophile) and an acid-base reaction. The steps may be summarized: 


x means loss of Вг” 


— Br. H,O + ане 
(CH,);CBr = "KCH,.C'] — — (CH;),COH, — и (сеш 


S«1 reaction acid-base reaction 


Let us consider the energy diagram for an Syl reaction (Figure 5.4). Typically, 
Step 1 (the ionization) has a high Eze; it is the slow step in the overall process. 
Enough energy must be supplied to the tertiary alkyl halide to break the C—X 
sigma bond and yield the carbocation and the halide ion. 

The carbocation is an intermediate in this reaction, a structure that is formed 
during the reaction and then undergoes further reaction to products. An in- 
termediate is not a transition state. An intermediate has a finite lifetime; a 
transition state does not. At the transition state, molecules are undergoing bond- 
breaking and bond-making. The potential energy of a transition state is a high 
point on a potential-energy curve. By contrast, an intermediate is a temporary, 
reactive product. No bond-breaking or bond-making is occurring in an inter- 
mediate. An intermediate is of lower energy than transition states that surround it, 
but is of higher energy than the final products. The energy diagram in Figure 5.4 
shows a dip for the carbocation formation; the dip is not a large one because the 
carbocation is a high-energy, reactive species. 

Step 2 in the sequence of an S,1 reaction is the reaction of the carbocation 
with a nucleophile. The two combine in a reaction having a low E,.,—a fast 
reaction. 


SAMPLE PROBLEM 


Write equations for the steps in the S41 reaction of 2-chloro-2-methylbutane 
with methanol. (Include the deprotonation step in your answer.) 


5.7. 
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Solution: 


Step ! (ionization): 


C 
C , A 
(CH;),;CCH,CH, [(CH);CCH;CH;] + :С1: 


a carbocation 


Step 2 (combination with Ми”): 


HOCH, 


((CH;),CCH;CH,] + CH,ÓH (CH;);CCH;CH; 


a protonated ether 


Step 3 (loss of H* to solvent): 


E Up e TE 
CH,ÓH т (CH,),CCH;CH, (CH;),CCH,CH, = CH;QH; 


an ether 


STUDY PROBLEM 


Complete the following equations for solvolysis reactions: 


CH, 
(b) ex IECIT UE ee 
CI 


(a) (CH;CH,),CI + H,0 


B. Stereochemistry of an S41 reaction 


A carbocation (or carbonium ion, as it is also called) is a carbon atom with only 
three groups attached, instead of the usual four. Because there are only three 
groups, the bonds to these groups lie in a plane, and the angles between the bonds 
from the positive carbon are approximately 120°. To attain this geometry, the 
positive carbon is sp?-hybridized and has an empty p orbital. 


empty p orbital ~ 


R. sigma-bond angles 
Re S —R around C^ are 
approximately 120° 


Let us consider the S41 reaction of a chiral alkyl halide. When (S)-3-bromo-3- 
methylhexane is treated with water, it undergoes racemization to yield the (R)(S) 
alcohol. The S41 mechanism can be used to explain this racemization. The first 
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step in this SI reaction is ionization of the alkyl halide to a carbocation and а 
halide ion: 


Step Г: 
Br 
| E k 
егес с> | aay 
CH,CH,CH, CH;CH; CGHECHE GH. 
(S)-3-bromo-3-methylhexane planar carbocation 


In the second step, H,O attacks the carbocation to form two protonated 
alcohols. (We show the alcohols after deprotonation in the following equations.) 
If the H;O molecule attacks the empty p orbital from the top side, as we have 
shown the structure, the carbocation yields the (S)-enantiomer of the alcohol. 
However, if the H,O attacks from the bottom side, the (R)-enantiomer is the 
product. Since there is equal probability of attack from either side, equal amounts 
of the (R)- and (S)-alcohols are produced. Thus, inversion is not observed in a 
typical S41 reaction, as it is in a typical S42 reaction. 


CH;., + Lo | 

сн,сн,сн СР CHS 
CH,CH,CH, CH;CH,; 
attack from top (S)-3-methyl-3-hexanol 
Step 2 and 3: 
CH CH;,CH;CH, СН, 
Ju + =) ele NE CHCH, 
CH,CH,CH7 а а $ 
H,O OH 
attack from bottom (R)-3-methyl-3-hexanol 


C. Rate of an 5,1 reaction 


We mentioned earlier that the rate of a typical S41 reaction does not depend on the 
concentration of the nucleophile, but depends only on the concentration of alkyl 
halide. 


Snl rate = k [ВХ] 


The reason for this behavior is that the reaction between R * and Nu ' is very fast, 
but the concentration of В * is very low. The fast combination of R^ and Ми” 
occurs only when a carbocation is formed. Therefore, the rate of the overall 
reaction is determined entirely by how fast RX can ionize and form В * carboca- 
tions. This ionization step (Step 1 of the overall reaction) is called the rate-deter- 
mining step, or the rate-limiting step. In any stepwise reaction, the slowest step in 
the entire sequence is the rate-determining step. 

An Syl reaction is characteristically first order in rate because the rate is 
proportional to the concentration of only one reactant (RX). It is a unimolecular 
reaction because only one particle (RX) is involved in the transition state of the 
rate-determining step. (The “1” in Sy] refers to unimolecular.) 
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Rate-determining step: 


ó* ó- 
CHG Br Е > [CHC -= Br] 5 СНС] + Br 
transition state 1 
(from one particle) 


D. Relative reactivities in 51 reactions 


Table 3.3 lists the relative rates of reaction of some alkyl bromides under typical 
S«1 conditions (solvolysis in water). Note that a secondary alkyl halide undergoes 
substitution 11.6 times faster than a primary alkyl halide under these conditions, 
while a tertiary alkyl halide undergoes reaction a million times faster than a 
primary halide! 


Methyl: 


egligible rz Е 
CH,Br + Но “==, cH,oH + Br +H* 
^N 


Ps 


gligible rz 
CH,CH,Br + H,O DL CH,CH,OH + Br--—H* 


very slow 
——— 


(CHj;CHBr + 0 —— 


(CH,),CHOH + Br + Н+ 
ge 
fast 


(CH,,CBr + H,O $1 


(CH,),COH + Br + Н? 


The rates at which different alkyl halides undergo Sy reaction depend on the 
relative energies of activation leading to the different carbocations. In this reaction, 
the energy of the transition state leading to the carbocation is largely determined 
by the stability of the carbocation, which is already half-formed in the transition 
state. We say that the transition state has carbocation character. Therefore, the 
reaction leading to a more stabilized, lower-energy carbocation has the faster 
rate. A tertiary alkyl halide yields a carbocation that 1$ more stabilized than the 
carbocation from a methyl halide or a primary alkyl halide and, consequently, 
this reaction has the fastest rate. 


TABLE 5.3. Relative rates of some alkyl bromides under typical 5.1 conditions 


CH,Br 1.00" 
CH,CH,Br 1.00? 
(CH;),CHBr 11.6 
(CH,),CBr 1.2 x 105 


° The observed reaction of the methyl or primary bromide probably occurs by a different 
path (S42, not S41). 
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E. Stability of carbocations 


A carbocation is unstable and quickly undergoes further reaction. However, 
we may still speak of relative stabilities of carbocations. The different types of 
carbocations that concern us here are the methyl cation (the carbocation resulting 
from ionization of a methyl halide), primary carbocations (from 1? alkyl halides), 
secondary carbocations (from 2° alkyl halides), and tertiary carbocations (from 3 

alkyl halides). Some examples follow: 


“Chis айс. Сва cit Оне 


methyl ЇР 2 3 


What increases the stability of a positively charged carbon atom? The answer 
is: anything that can disperse the positive charge. In alkyl cations, the principal 
phenomenon that disperses the positive charge is the inductive effect, a term used to 
describe the polarization of a bond by a nearby electronegative or electropositive 
atom. In a carbocation, the positively charged carbon is an electropositive center. 
The electron density of the sigma bonds is shifted toward the positive carbon. We 
will use arrows in place of line bonds to show the direction of this attraction. 


sigma-bond e are drawn toward 
| the positive charge 


This shift of electron density creates a partial positive charge on the adjacent 
atoms. These partial positive charges, in turn, polarize the next sigma bonds. In 
this way, the positive charge of the carbocation is somewhat dispersed, and the 
carbocation is stabilized to some extent. 


H мё TA Xs H 
(n 
я “а ай 
H С b All the atoms help disperse 
i the positive charge. 
НЕ (638 
H 


Alkyl groups contain more atoms and electrons than does a hydrogen atom. 
When there are more alkyl groups attached to a positively charged carbon atom, 
there are more atoms that can help share the positive charge and help stabilize 
the carbocation. Because of the lack of stabilization, methyl and primary halides 
do not normally form carbocations. 


"CH, занони COA ока 
methyl il: 27 H 
increasing carbocation stability; 
increasing $1 rate of RX 
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STUDY PROBLEM 


List the following carbocations in order of increasing stability (least stable first): 
№) (9 {а (с) (У аси», 


Another factor that may increase the stability of tertiary carbocations is 
steric assistance. Repulsions between groups in an alkyl halide add energy to the 
neutral molecule. Therefore, the ground-state energy of a tertiary alkyl halide is 
higher than that of a comparable primary or secondary alkyl halide. The groups 
attached to the head carbon are farther apart in the planar carbocation than in the 
alkyl halide, and repulsions are minimized. The result of the higher ground-state 
energy of RX due to steric hindrance is that /ess additional energy is needed for 
RX to form a carbocation. 


repul ons 


_-7 lewer repulsions 
Y ay 
\ dh 08, ] 
UE um es 
Ve G Haw X ——— э Н C—C we 
D ы 3 ~ 
Ин Юн, CH, 


a t-butyl halide the t-butyl cation 


Another theory proposed to explain the relative stabilities of carbocations is 
hyperconjugation, the partial overlap of an sp?-s orbital (a C—H bond) with the 
emptv p orbital of the positively charged carbon. 

ME ——^ m IN 50€ p orbital 
E T еп 
Н УС С 


Н ры 


An ethyl cation has only three C—H bonds that can overlap the empty р 
orbital, but the t-butyl cation has nine C—H bonds that can help disperse the 
charge in this fashion. Therefore, a tertiary carbocation is stabilized by a greater 
dispersal of the positive charge. 


Е. Rearrangements of carbocations 


The following secondary alkyl chloride can undergo Spl reaction with bromide 
ion as the nucleophile. However, in addition to the expected product, a second 
substitution product is observed. 


i 
(CH4),CCHCH; 
CI E 2-bromo-3.3-dimethylbutane 
| 3 EIUS expected product 
(CH;);CCHCH, я Вг 
2-chloro-3.3-dimethylbutane E || 
(CH;),CCH(CH;), 


2-bromo-2,3-dimethylbutane 


unexpected product 
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Let us examine the intermediate carbocation in this reaction more carefully. 
The expected carbocation is a secondary carbocation. 


CH, CI CH, 


3 LA 
Glos or ages was Cip C GB) Gi 
CH, CH, 


expected carbocation; 2 


A secondary carbocation is of much higher energy than a tertiary carbocation. 
The energy of this particular carbocation can be lowered by the shift of a methyl 
group with its bonding electrons from the adjacent carbon atom. The result is the 
rearrangement of the secondary carbocation to a more stable tertiary carbocation. 


1,2-Shift of a methyl group: 


CH; y Tb 
CH,-C—CHCH, — CH; =C_GHGH, 
CH, CH, 
а 2° carbocation a more stable 3 carbocation 


The shift of an atom or of a group from an adjacent carbon is called a 1,2-shift. 
(The numbers 1,2 used in this context have nothing to do with nomenclature 
numbers, but refer to the positive carbon and the adjacent atom.) The 1,2-shift 
of a methyl group is called a methyl shift, or a methide shift. (The -ide suffix is 
sometimes used because :CH, is an anion; however, the 1,2-shift is a concerted 
reaction step and no methide anion is actually formed.) 

The presence of both secondary and tertiary carbocations in solution leads 
to the two observed products, the so-called “normal” product and the rearrange- 
ment product, a product in which the skeleton or the position of the functional 
group is different from that of the starting material. 


if 
[(CH,),CGHGH, паь (CH;);CCHCH, 
2° carbocation 2-bromo-3,3-dimethy!butane 
if 
+ Br^ 
[(CH3)2CCH(CH3)2] i (СН у) CCH(CH3); 
3° carbocation 2-bromo-2,3-dimethylbutane 


If an alkyl group, an aryl group, or a hydrogen atom (each with its bonding 
electrons) on an adjacent carbon atom can shift and thereby create a more stable 
carbocation, rearrangement can occur. Rearrangement can also occur when a pair 
of carbocations are of equivalent stabilities. The extent of rearrangement that will 
be observed in a reaction is often hard to predict and depends on a number of 
factors, including the relative stabilities of the carbocations in question and the 
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reaction conditions (solvent, etc.). The following rearrangements exemplify 
1,2-shifts and the formation of more-stable carbocations. 


A methide shift: 


CH, GH, 


DWG + | 


CH, CH, 


a © carbocation a more stable 3^ carbocation 


A hydride (H ) shift: 


H 


| * 
CHy—C=CHCH, CH) —C—CH.CHs 


а 2° carbocation a more stable 3° carbocation 


STUDY PROBLEMS 


5.9. Although many carbocations can form more-stable carbocations by 1,2-shifts, 
not all carbocations have structures that can yield more-stable carbocations by 
rearrangement. Indicate which of the following cations is likely to undergo 
rearrangement. Show by an arrow the shift of an alkyl group or a hydrogen, and 
give the structure of the rearranged carbocation. 


(a) CH,CH,CHCH, (b) (СН,)›,СНСНСН›,СН, 
5.10. What S41 products would be formed by the following reactants? 


i 
(CH,),CHCHCH,CH, + Br. —— 


SECTION 5.7. 


Substitution Reactions of Allylic Halides and Benzylic Halides 


Two special types of halides behave differently in S41 and S42 reactions from the 
alkyl halides we have been discussing. These are the allylic halides and the benzylic 
halides. 


the allyl group 3-chloro-1-propene 
(allyl chloride) 


Oc- O% 


the benzyl group benzyl bromide 
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An atom or group that is attached to the carbon atom adjacent to one of the 
sp? carbon atoms is said to be in the allylic position or the benzylic position, гс- 
spectively. The halogen atoms in our previous examples and also in the following 
examples are in allylic or benzylic positions. 


CH, CRe«CHCH CH, =н CH,CH,CH(CH,), 


Cl Br 
4-chloro-2-pentene |-bromo-4-methyl-1-phenylpentane 
an allylic chloride a benzylic bromide 


SAMPLE PROBLEM 


Circle the allylic or benzylic halide grouping in each of the following structures. 
In addition, classify each as being 1, 2 , or 3°. 


Гав Gh, 
(a) ba (b) (еа (с) C 
CH, i^ 


Solution: 

(a) Сәй (b) Оа (с) Ф: 
| CI 
giis 

p 33 2 


STUDY PROBLEMS 


5.11. Circle the benzylic or allylic halide grouping in each of the following structures: 
Br 


| 
WOLD sos 


5.12. Classify each of the following compounds as a vinylic halide, an allylic halide, a 
benzylic halide, or an aryl halide: 


Br 


| 
—(ў)—сн=снсн,в (b) сн. (С) снесен, 
(с) ui (d) BrCHy~(_)—CH=CHCH, 
Br 


(a) CH, 
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A. Sxl reactions 


Most primary alkyl halides undergo substitution by the S42 path exclusively and 
do not undergo S41 reactions. However, a primary allylic halide or benzylic halide 
is very reactive in both S41 and S42 reactions. Table 5.4 lists the relative reactivities 
of some halides under typical S41 conditions. You can see from the table that an 
allyl halide is more than 30 times more reactive than an ethyl halide, and a benzyl 
halide is almost 400 times as reactive. If two phenyl groups are present, the halide is 
100.000 times as reactive! 


CH,—CHCH,CI + H,O 


CH,—CHGH,OH + CI + H* 


allyl chloride 2-propen-1-ol 
increasing (allyl alcohol) 
rate of 
$1 reaction ORS + H,O (С)—снон ЗС ые 


benzyl chloride benzy] alcohol 


a lachrymator : 
a compound that causes 
tears to flow 


The reason for the enhanced reactivity of these two types of halides in an 
Sxl reaction lies in the resonance-stabilization of the carbocation and of the transition 
state leading to the carbocation. Carbocations are stabilized by dispersal of the 
positive charge. Inductive stabilization involves dispersal of the positive charge 
through sigma bonds. We have used the inductive effect to explain the relative 
stabilities of 1°, 2°, and 3° carbocations. Resonance-stabilization involves the 
dispersal of the positive charge by pi bonds. 

Let us consider the S41 reaction of allyl chloride with Н,О: 

ЕСЕ - H,O 
CH,—CHCH;Cl — ү» [CH;=CHCH,] —д== CH,=CHCH,OH 


allyl cation 


Recall from Section 2.9 that structures differing only in the position of pi 
electrons are resonance structures. If resonance structures can be drawn for a mole- 
cule or ion, the resonance hybrid (the real structure) has less energy than if de- 
localization of electrons or electrical charges could not occur. The two resonance 
structures for the ally] cation are identical in structure and bonding: therefore, 
they have the same energy content and contribute equally to the structure of the 
actual allyl cation. Because the allyl cation is resonance-stabilized, the energy of 


TABLE 5.4. Relative rates of some organic halides under typical 5,1 conditions 


Halide Relative rate 
CH;CH,X 1.07 
CH;—CHCH;X 33 
C;H;CH;X 380 
(C;H4);CHX = 105 


* The observed reaction probably proceeds by an S42 path. 
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two pi electrons in 
three p orbitals 


1 -0 
Ey бшш = 


T 


FIGURE 5.5. Formation of the allyl cation from allyl chloride. 


the transition state leading to its formation is relatively low. Consequently, the 
rate of its Spl reaction is fairly fast. A p-orbital picture (a composite of the л 
bonding orbitals) of the allyl cation is shown in Figure 5.5. 


aid ЕЮНШ а = 


resonance structures for the айу! cation 
(equal contributors) 


Both terminal (end) carbons in the allyl cation have ап equal amount of 
positive charge. Which atom is attacked by the nucleophile? The answer is—either 
of them! Let us use another allylic system to illustrate this fact. The S41 reaction 
of 1-chloro-2-butene with H,O leads to two products. These two products arise 
from attack of H,O at either of the two partially positive carbon atoms. 


CH,CH—CHCH;CI UU [CH,CH-ÉCH-CH, «— — GH,OH—GBE- GE 
1-chloro-2-butene H,O 
ене 
Бире сора 
ОН ОН 
2-buten-1-ol 3-buten-2-ol 


Benzyl halides also show enhancement of the 5,1 rate because of resonance- 
stabilization of the transition state leading to the carbocation. In this case, the 
pi electrons in the aromatic pi cloud of the benzene ring help disperse the charge. 


e + H,O 
benzyl chloride benzyl cation benzyl alcohol 


We usually symbolize the aromatic pi cloud of benzene by a circle in the ring. 
However, in discussions of delocalization of pi electrons, Kekulé formulas are 
more convenient. With Kekulé formulas, we can count the pi electrons in the ring 
and readily see which atoms are electron-deficient. Note the similarity between the 
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resonance strctures for the benzyl cation and those for the allyl cation. The benzyl 
cation has four resonance structures similar to allylic resonance structures. 


Similar to dllyl cation 


>i 
UR + 
a 


(у-н, — I | ә Cres] 


major contributor 


5.13. 


The first resonance structure shown is the major contributor because this 
structure has aromatic stabilization. Therefore, the most positive carbon in the 
intermediate is the benzyl carbon. This is the carbon attacked by the nucleophile. 


" most positive carbon, 
CH, /NW attacks here 
BS esse 


STUDY PROBLEM 


Predict the products of the solvolysis in water of: 


@ (CD)-CH=CHCHLC!— ( сн, Br 


B. 5,2 reactions 


Allylic halides and benzylic halides also undergo S42 reactions at faster rates than 
primary alkyl halides or even methyl halides. Table 5.5 lists the average relative 
rates of some halides in a typical S42 reaction. 

The reason for the greater S42 reactivity of allylic and benzylic halides is 
that the allylic pi bond or the aromatic pi cloud reduces the energy of the transition 
state of an S42 reaction. In the transition state, the carbon undergoing reaction 
changes from the sp?-hybrid state to the sp?-hybrid state and has a p orbital. This 
p orbital forms partial bonds with both the incoming nucleophile and the leaving 
group. The entire grouping of atoms carries a negative charge. Adjacent p orbitals, 
as in an allylic or benzylic group, undergo partial overlap with the transitional p 
orbital. In this way, adjacent p orbitals help delocalize the negative charge and 
thus lower the energy of the transition state. Figure 5.6 shows the p orbitals of the 
allylic case; the benzylic case is similar. 


TABLE 5.5. Average relative $.,2 rates for some organic halides 


Halide Relative rate 
CH,X 30 
CH;CH;X 1 
(CH;),CHX 0.03 


CH,=CHCH,X 40 
C,H,CH,X 120 
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Hoe Р i 
\ | E OH 
CH CH А E | 
: — | 
d pu RA Д2 > SE 


52 transition state 
showing p orbitals 


FIGURE 5.6. Stabilization of the transition state in an S42 reaction of allyl chloride. 


For increased stabilization to occur in either S41 or S42 reactions of com- 
pounds with pi systems, the pi system must be adjacent to the reacting carbon. 
If it is farther away, it cannot overlap and cannot help stabilize the transition 


state. 
CH;—CH CH;CH;CI (©) -сњењен,а 


Ее 100 far away 


pi bond 100 far 
away to overlap 
in transition state 


SAMPLE PROBLEM 


Which of the following compounds exhibit enhanced reactivities in S41 and $42 
reactions because of resonance-stabilization or partial p-orbital overlap? 


(a) CH,CH—CHCHBrCH—CH, (b) CH,CH=CHCH,CHBrCH,CH, 
(c) C;H,CH—CHCH,I (d) CH,—CHCH,CHBrCH—CH, 


Solutton: (a), (c), (d) 


SECTION 5.8. 


The E1 Reaction 


A carbocation is a high-energy, unstable intermediate that quickly undergoes 
further reaction. One way a carbocation can reach a stable product is by com- 
bining with a nucleophile. This, of course, is the S41 reaction. However, there 
is an alternative: the carbocation can /ose a proton to a base in an elimination 
reaction, an El reaction in this case, and become an alkene. 
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Substitution (S, 1): 
н.о 

(CH,),;CBr Понос] — = [enkor 

t-butyl bromide t-butyl cation t-butyl alcohol 
Elimination (E1): 

HÖH 
H 
(CH,);CBr нм GM. ICH. CES CHE О: 
t-butyl cation methylpropene 


The first step in an El reaction is identical to the first step in an Sx1 reaction: 
the ionization of the alkyl halide. This is the slow step and thus the rate-determining 
step of the overall reaction. Like an 5,1 reaction, a typical El reaction shows first- 
order kinetics, with the rate of the reaction dependent or the concentration of only 
the alkyl halide. Since only one reactant is involved in the transition state of the 
rate-determining step. the El reaction, like the S41 reaction, is unimolecular. 


Step 1 (slow): 

Н.С. . of 
“C—GH, |4 Ве: 

Е.С” oe 


(CH;)3CBr: 


carbocation 
intermediate 


In the second step of an elimination reaction, the base removes a proton 
from a carbon that is adjacent to the positive carbon. The electrons of that carbon- 
hydrogen sigma bond shift toward the positive charge, the adjacent carbon ге- 
hybridizes from the sp? state to the sp? state, and an alkene is formed. 


Step 2 (fast): 
ну н--Он. 
НС. ус || ЫС еї 
CE aT — Н.О: É eC el, 
transition state 
H,C 
с-а Сой, 2 H.C 
4 5 30 
H.C 


Because an El reaction, like an S41 reaction, proceeds through a carbocation 
intermediate, it is not surprising that tertiary alkyl halides undergo this reaction 
far more rapidly than other alkyl halides. E1 reactions of alkyl halides occur under 
the same conditions as S,1 reactions (polar solvent, very weak base, etc.): there- 
fore, S41 and El reactions are competing reactions. Under the mild conditions 
required for these carbocation reactions of alkyl halides. the S41 product generally 
predominates over the El product. For this reason, El reactions of alkyl halides are 
relatively unimportant. You will learn in Chapter 7 that El reactions of alcohols, 
however, are quite important. We will discuss these reactions in greater detail at 
that time. 
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STUDY PROBLEM 


5.14. Some tertiary alkyl halides yield mixtures of alkenes as well as a substitution 
product when they are subjected to S41 conditions. Predict all likely products 
from the reactions of 2-bromo-2-methylbutane with ethanol under S,1 
conditions. 


SECTION 5.9. 


The E2 Reaction 


The most useful elimination reaction of alkyl halides is the E2 reaction (bimolecu- 
lar elimination). E2 reactions of alkyl halides are favored by the use of strong 
bases, such as OH ог OR, and high temperatures. Typically, an E2 reaction is 
carried out by heating the alkyl halide with К? -OH or Na^ ~OCH,CH, in 


ethanol. 
i CH,CH,OH 
h 
CH,CHCH, + CH;CH;O- ЕЕЕ CH,CH=CH, + СН,СН,ОН + Вг 
2-bromopropane propene 


(isopropyl bromide) 


The E2 reaction does not proceed by way of a carbocation intermediate, but 
is a concerted reaction —that 15, it occurs in one step, just as an S42 reaction does. 


Br d) :Вг: 
| (u е зь 


КО + CH,CHCH, —— RQ: + H—CH,—CHCH, ——— 


ROH + CH,=CHCH, + :Br:7 


(1) The base is forming a bond with the hydrogen. 

(2) The C—H electrons are forming the pi bond. 

(3) The bromine is departing with the pair of electrons 
from the carbon-bromine sigma bond. 


The preceding equation shows the mechanism with arrows representing 
" electron-pushing." The structure of the transition state in this one-step reaction 
follows: 
RÖ: 
H 
CH,—CHCH, 


E2 transition state 


In E2 reactions, as in El reactions, tertiary alkyl halides undergo reaction 
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fastest, and primary alkyl halides react slowest. (When treated with a base, primary 
alkyl halides usually undergo substitution so readily that little alkene is formed.) 


PRX PRX 3 RX 


increasing rate of E2 


A. kinetic isotope effect 


One piece of experimental evidence that supports our understanding of the E2 
mechanism is the difference in the rates of elimination of deuteriated and non- 
deuteriated alkyl halides. A difference in the rates of reaction between compounds 
containing different isotopes is called a kinetic isotope effect. 

Deuterium (?H, or D) is an isotope of hydrogen with a nucleus containing 
one proton and one neutron. The C—D bond is stronger than the C—H bond by 
1.2 kcal/mole. We have postulated that the breaking of the CH bond is an integral 
part of the rate-determining step (the only step) of an E2 reaction. What happens 
when the H that is eliminated is replaced by D? The stronger CD bond requires 
more energy to be broken. For this reason, the E, is increased (Figure 5.7), and 
the rate for the elimination reaction is slower. 

When the following 2-bromopropanes are subjected to an E2 reaction with 
CH;,CH;O as the base, it has been observed that the deuteriated compound 
undergoes reaction at one-seventh the rate of ordinary 2-bromopropane, a fact 
that supports the E2 reaction mechanism we have described. 


Br 


| 
ӨН ӨМ Ө е е: А CH,CH,OH + CH,=CHCH, + Вг- 


fast 


Br 


| 
ОСН. О` .4.CD,CHCD, CH,CH,OD + CD,—CHGD, + Br- 


slow 


(Ср); CHBr 


(СН; do СНВг 


— 


RX + base alkene + X^ 


Progress of reaction ——> 


FIGURE 5.7. Energy diagrams for the E2 reactions of 2-bromopropane and a 
deuteriated 2-bromopropane. 
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SAMPLE PROBLEM 


Why is a kinetic isotope effect not observed with (CH 4),CBr and (CD,),CBr in 
El reactions? 


Solution: The cleavage of a C—H bond is not involved in the rate-determining 
step of an El reaction. 


B. Mixtures of alkenes 


Often, El and E2 reactions are referred to as beta (В) eliminations. This term 
reflects which hydrogen atom is lost in the reaction. Different types of carbon and 
hydrogen atoms in a molecule may be labeled as x, В, and so forth, according to 
the Greek alphabet. The carbon atom attached to the principal functional group 
in a molecule is called the alpha (a) carbon, and the adjacent carbon is the beta (В) 
carbon. The hydrogens attached to the x carbon are called x hydrogens, while 
those attached to the f carbon are В hydrogens. In a f elimination, a В hydrogen 
is lost when the alkene is formed. (Of course, an alkyl halide with no В hydrogen 
cannot undergo а f elimination.) 


B carbons and hydrogens circled: 


^S в CH; CH; 


| | 
СН, СНСН, _ ЖОШ CH; _ d 
а СН, CH, 


If 2-bromopropane or t-butyl bromide undergoes elimination, there is only 
one possible alkene product. However, if the alkyl groups around the x carbon 
are different and there are more than one type of В hydrogens, then more than one 
alkene can result. The E2 reaction of 2-bromobutane yields two alkenes because 
two types of hydrogen atoms can be eliminated: a hydrogen from a CH; group or 
a hydrogen from a CH, group. 


HO CH; CH, 


7 
Cs C= === га“ + H,O + Вг" 
| CH; 


methylpropene 


ЕНН 


t-butyl bromide 


only one type of B Н only possible alkene 


HO- 
Р 7 а. CH.CH,CH—CH, 
к l-butene 
1wo possible alkenes 
Br P CH,CH—CHCH, 
2-bromobutane 2-butene 


two types of В Н 
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SAMPLE PROBLEMS 


5.15. 


Circle the В carbons and hydrogens in the following structures: 


i GH, 
(a) CH;CH;CHCH;CH;CH, (b) Ў 
| и Вг 
Вг 


Solution: (a) CH, Сн) сн Сн) СН,СН, (b) 
| 
Br 


In the preceding problem, tell how many different types of f hydrogens are in 
each structure. 


Solution: (а) two types; (b) two types (the ring CH, groups are equivalent to 
each other; the CH, is different). 


STUDY PROBLEM 


Write the structures of the alkenes that could result from the E2 reaction of each 
of the preceding alkyl bromides. 
C. Which alkene is formed? 
In 1875, the Russian chemist Alexander Saytseff formulated the following rule, 
now called the Saytseff rule: /n elimination reactions, the alkene with the greatest 
number of alkyl groups on the doubly-bonded carbon atoms predominates in the 
product mixture. We will refer to this alkene as the more highly substituted alkene. 
The Saytseff rule predicts that 2-butene would predominate over 1-Бщепе as a 
product in the E2 reaction of 2-bromobutane. This indeed is what occurs. In the 
following reaction, the mixture of alkene products consists of 80% 2-butene and 
only 20% ]-butene. 
two R'son C—C, $ 
Br more highly substituted КЕ 
| Na^ СОСН,СН 
CH,CH,CHCH, —сненон” СН» CH=CHCH; + CH,CH; CH=CH, 

2-bromobutane 2-butene l-butene 


80% 207; 

It has been determined that more highly substituted alkenes are more stable 
than less substituted alkenes (this will be discussed further in Chapter 9). Therefore, 
an E2 elimination leads to the more stable alkene. 

CH;—CH,  OH,CH—CH, . CH,CH-CHCH, (CH,),C=C(CH,), 
increasing stability 


To see why the more stable alkene (2-butene) is formed in preference to the 
less stable alkene (1-butene), let us consider the transition states leading to these 
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two butenes. In either transition state, the base is removing a proton and a double 
bond is being formed. We say that this transition state has some double-bond 
character, which we represent as a dotted line in the formula. 


3 
H---OR 
CH,CH,CH=CH, —— + CH,CH,CH=CH, 
B 1-Бщепе 
Вг = 
A transition state 
сны == 
А 
RO H 
CH,CH-—CHCH,| ———» CH,CH=CHCH, 
B^ 2-butene 


transition state 


Because both transition states leading to the alkenes have some double-bond 
character, the transition state leading to the more stable alkene is itself more 
stabilized and of lower energy. The reaction with the lower-energy transition state 
proceeds at a faster rate; therefore, the more stable alkene is the predominant 
product (see Figure 5.8). 


—=—> 


ВХ + Базе less substituted alkene 


more substituted alkene. 
predominant product 


Progress of reaction ———> 


FIGURE 5.8. Energy diagram for a typical E2 reaction, showing why the more substituted 
alkene predominates. 


SAMPLE PROBLEMS 


Which is the more stable alkene, (а) (CH3),CCH—CHCH,, or 
(b) CH,CH—C(CH);? 


Solution: (b) with three R's is more stable than (a) with only two R's. 


| 
CH,CH,CH,CHCH, 
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Predict the major alkene product of the E? dehydrohalogenation of 
CH;,CH;C(CH,).Cl. 


Solution: The 1wo possible alkenes are CH,CH—C(CH,), and 
CH,CH;C—CH,. 


GH, 
The first predomunates (3 R’s versus 2 R55). 


STUDY PROBLEM 


Predict the major alkene product of the E? dehydrohalogenation of 
I -chloro-1-methylcyclohexane. 


Part of our question about which alkene would be formed in dehydro- 
halogenation has been answered: the most highly substituted alkene predominates 
in the product mixture. The most highly substituted alkene can often exist as cis 
and trans diastereomers (geometric isomers). Is there a selectivity as to which 
diastereomer is formed? Experimentally, it has been determined that trans alkenes 
are generally more stable than their cis isomers, presumably because of less steric 
hindrance in the trans isomers. Therefore, it is not surprising that trans alkenes 
predominate as products of E2 reactions. Again, the reason is a more stabilized 
transition state. The following equation shows the results of an E2 reaction of 
2-bromopentane. 


CH,CH,CH,;CH=CH, 
1-рещепе 


Вг = NS 
Na^ OCH.CH, H H 
CH,CH:OH 
heat 


3 185, 
2-bromopentane : 


CH.CH H most stable alkene: 
3 КЕ = 215 major product 


trans-2-pentene 
о, 
51% 


D. Stereochemistry of an E2 reaction 


In the transition state of an E2 elimination, the attacking base and the leaving 
group are generally as far apart as possible, or anti. For this reason, the E2 elimi- 
nation is often referred to as anti-elimination. 
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anti-Elimination: 


" 


H H 
RO RO 3 
) EM EX ci, 
M à Al ын 
SGH 
м P y ( " 
H4 N H Br 
H e Br 
dimensional ball-and-stick Newman 


The interesting feature about anti-elimination is that the anti-positioning 
of the H and Br that are lost determines the stereochemistry of the product alkene. 
To see how this happens, let us look at the E2 reactions of some stereoisomeric 
halides. The compound 1-bromo-1,2-diphenylpropane has two chiral carbon 
atoms (carbons 1 and 2) and four stereoisomers. 


Oo Ф 
The four stereoisomers of. CH,CH —CHBr: 


H СН, H H H С.Н; H H 
он = $ ^СьН5 pom Н E Q^ CH. 
COH M UN С PS CH, p CHS 
g Br C,H, Br C,H, Br CH, Br 
(1R,2R) (15,25) (19.25) (1S.2R) 
уд — ә э ME CL 
enantiomers enantiomers 


Because there is only one В hydrogen in the starting halide, any one of these 
stereoisomers yields C,H;(CH3,)C=CHC,H;. However, geometric isomerism 
is possible in this product. 


only one В hydrogen 


CH,CH—CHBr+°OR — 5 СН,С=ЕСН + ВОН + Br- 


С.Н; C.H; С.Н; C.H; 


When either (1 R,2R)-I-bromo-1,2-diphenylpropane or its (1S,2.S)-enantio- 
mer undergoes E2 reaction, the (Z)-alkene is formed exclusively; no (£)-alkene 


is formed. 
RO; 
H C.H; C Н. (C Н; 
ч-н в, к | 
С.Н; Na 
CH, Br ОНЕ H 
(1R.2R) (Z)-1,2-diphenyl-1-propene 


The reason for all (Z) and по (Е) product is that there is only one conforma- 
tion of either of these enantiomers in which the Br and the beta hydrogen are antt. 
In either the (1 5,2 R)- or the (1S,2S)-enantiomer, the anti alignment of H and Br 
puts the phenyl groups on the same side of the molecule, and the (Z)-alkene 
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results. If the elimination could оссиг regardless of the conformation of the 
enantiomers, then some (£)-alkene would also be observed. 


H 
И aa С.Н: H C. Hs H 
anti H and Br = ёт 
переть CH в. Sells =н 
Вг 
(1R.2R) (Z)-alkene 


STUDY PROBLEM 


5.17. Write equations for the anri-elimination of the (15.2S)-enantiomer, as we have 
done for the (1 R,2 R)-enantiomer. 


Just the opposite situation prevails with the (1 R,2S)- or (1S,2 R)-enantiomers. 
Either of these isomers yields the (£)-alkene and not the (Z)-alkene. The reason, 
once again, is that there is only one conformation for each of these enantiomers 
in which the Br and the single beta hydrogen are in an anti relationship. In these 
conformations, the phenvl groups are on opposite sides of the molecule. 


H 
anti Н and Br С Н H icd 
nice ns 
trans- phe niis Ка i @ НЕ Gane CH; 
Br Br 
(1 R.2S) (1S.2R) 


A reaction in which different stereoisomers of the reactant yield stereo- 
isomerically different products is said to be a stereospecific reaction. The E2 
reaction is an example of a stereospecific reaction. 

Halocycloalkanes, such as chlorocyclohexane, can also undergo E2 reactions. 
In these cases, the conformations of the ring play an important role in the course 
of the reaction. In order to be anti on a cyclohexane ring, the leaving group (such 
as chlorine) and а В hydrogen must be 1,2-trans and diaxial. No other conforma- 
tion places the Н and Cl anti to each other. (Try it with models.) Even though this 
conformation is not the favored one, a certain percent of halocycloalkane mole- 
cules are in this conformation at any given time and can thus undergo elimination. 


k pm E 
\ Pee a === 
H R H 7 H 7 
Ci 
H 


\ Н | ly 
H CI CHE 
Cl is equatorial and Cl is axial and OH could attack 
not anti to any B hydrogens anti to two В hydrogens either H shown 


-H,O 
Есі 


Q 
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STUDY PROBLEMS 


Draw dimensional formulas for the conformers of 
(1 R,2S)-I-bromo-1,2-diphenylpropane and (15,2 R)-I-bromo-1,2-diphenylpropane 
that undergo E2 reaction. 


1,2-Dibromo-1,2-diphenylethane contains two chiral carbon atoms and has a 
pair of enantiomers plus а meso diastereomer. Any of the stereoisomers of this 
compound can undergo ап E2 reaction to yield 1-bromo-1,2-diphenylethene. 
The meso form yields one geometric isomer of the alkene, while the racemic 
mixture of enantiomers yields the other geometric isomer. Predict the 
stereochemistry of the products of these two reactions. 


Write an equation using conformational formulas that illustrates the E2 reaction 
of trans-|-chloro-2-methylcyclohexane in aqueous sodium hydroxide. (Be sure to 
show the required conformation of the ring for anti-elimination.) 


E. Hofmann products 


Most dehydrohalogenations follow the Saytseff rule and the more substituted 
alkene predominates. However, under some circumstances, the major product of 
an E2 dehydrohalogenation is the /ess substituted, less stable alkene. When the 
less substituted alkene is the predominant product, we say that the reaction yields 
the Hofmann product. 

When is the less substituted alkene likely to be the predominant product? A 
common phenomenon leading to the less substituted alkene is steric hindrance in 
that transition state leading to the most substituted alkene. Steric hindrance can 
raise the energy of this transition state so substantially that the reaction follows a 
different course and yields the less substituted alkene. The steric hindrance may be 
caused by any one of three factors. First of all, it may be caused by the size of the 
attacking base. In the elimination reaction of 2-bromobutane with the small 
ethoxide ion, the more substituted alkene predominates. With the bulky r-butoxide 
ion, the l- and 2-butenes are formed in equal amounts. 


CHIGHIOS 


CH,;CH=CHCH, + CH,CH,CH=CH, 


2-butene I-butene 
80% 20% 


small 


Br 


| 
CH,CH,CHCH, 
2-bromobutane 
(CH,),;CO- 


bulky CH,CH—CHCH, + CHCH CH=CH; 


2-butene 1-butene 
50% 50°. 


Reaction with the t-butoxide ion: 


(CH3);CO- 
\ 


attack at carbon 3 H 
more steri hindrance 


| 
CH,CH сна — Ou СЇ» 


De 
Br 2-butene 
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ROEE 
r { 
steric йн шт c H 
CH,CH.CH CH, CH,CH,CH—CH, 


1-butene 


Br 


Second. steric hindrance might be caused by the bulkiness of groups sur- 
rounding the leaving group in the alkyl halide. The hindered 2-bromo-2,4.4- 
trimethylpentane yields the less substituted alkene in an E2 reaction, even with a 
small base like the ethoxide ion. 


mere T Ged Н less Crewded Н 
СН; Br 
, М CH,CH.O- 
CH;CCH.C—CH; —— — — —?v (GH); CGH, C— GH 
| 
CH 3 CH 3 CH; 
?-bromo-2.4.4-tnmethvipentane 2A-trimethyl-1-pentene 


Third. if the leaving group itself is large and bulky, the Hofmann product may 
predominate. This type of reaction will be discussed in Section 15.10. 


STUDY PROBLEMS 


5.21. Write formulas for both the Hofmann and Saytseff products of the E? reactions 
of (a)3-bromo-2-methylpentane and (b) I-chloro-I-methylcvclohexane. 
5.22. Predict the major alkene products of the following E2 reactions: 
(а) CH,CH:CH.CHBrCH, + OCICH,) 
(b) CH,CH;CHBrCH, + OH- 
SECTION 5.10. 


Factors Governing Substitution and Elimination Reactions 


At the start of this chapter, we mentioned that 541. S42. El. and E2 are competing 
reactions. A single alky] halide could be undergoing substitution, elimination, and 
rearrangements all in the same reaction flask. If this happens. a mixture of a large 
number of products can result. However, a chemist can control the products of the 
reaction to a certain extent by a proper choice of the reagents and reaction con- 
ditions. 

What. then. are the factors that affect the course of substitution and elimi- 
nation reactions of alkyl halides? These factors are: 


1. the structure of the alkyl halide: 

2. the nature of the nucleophile or base; 

3. the nature of the solvent: 

4.  theconcentration of the nucleophile or base; 
S. the temperature. 
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A. The alkyl halide 


We have mentioned that the type of alkyl halide affects the mechanism of the 
reaction. Now that we have looked at the four principal mechanisms by which an 
alkyl halide can undergo reaction with a nucleophile or base, we can summarize 
how the different alkyl halides act. 


Methyl and primary alkyl halides tend to undergo S42 reactions. They do 
not form carbocations and thus cannot undergo S41 or El reactions. Primary 
alkyl halides undergo E2 reactions slowly, if at all. 


Secondary alkyl halides сап undergo reaction by any path, but S42 and E2 
are more common than El ог Syl. The reactions of secondary alkyl halides are 
more subject to control by conditions in the reaction flask (concentration of nucleo- 
phile, solvent, etc.) than are reactions of other alkyl halides. 


Tertiary alkyl halides undergo primarily E2 reactions with a strong base 
(suchas OH or ` OR), but undergo the S41 reaction and some El reaction with a 
very weak base (such as Н,О ог КОН). 

Table 5.6 shows general equations to summarize the reactions of the different 
types of alkyl halides. 


B. Тһе nucleophile or base 


The difference between nucleophilicity and basicity was discussed in Section 5.4D. 
As we mentioned in that section, a strong base is generally also a good nucleophile. 
Two other factors can affect the relative nucleophilicities of reactants, sometimes 
dramatically. One of these factors is the solvent used for the reaction. Solvent 
effects will be discussed in Section 5.10C. 

The polarizability of an ion or molecule is another factor that affects its 
nucleophilicity. The outer electrons of Jarger atoms are farther from the nucleus 
and less tightly held than those of smaller atoms. The outer electrons of larger 
atoms are therefore more easily distorted by attraction to a positive center and 
can attack a partially positive carbon atom more readily. For example, the iodide 
ion is usually a better nucleophile than the chloride ion. 


TABLE 5.6. The principal reactions of the different types of alkyl halides? 
Halide Products 


Methyl and primary: RCH,X + Ми” ВЕ 


Secondary: R CHX + Ми 
Tertiary: К,СХ + H,O 
R;CX + КОН 


RCH;Nu 
Eu R CHNu + alkenes 
R3;COH + alkenes 


R3COR’ + alkenes 


S41 and El 
TT 


Syl and Е! 
—— ә 


RCX + base peii, alkenes 


а For an Е] or E2 reaction to occur, the alkyl halide must contain at least one f 
hydrogen. 


—— ——— m ——| m c 
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The degree of nucleophilicity versus basicity can affect the course of a 
reaction. The reaction ofa primary alkyl halide with a strong nucleophile (see page 
168) follows an S42 path, even if the nucleophile is also a strong base. However, 
for a tertiary alkyl halide, any moderately strong base favors E2 reaction. Only 
the weakest bases (HO, ROH) result in substitution (by an S41 path). 

For secondary alkyl halides, strong nucleophiles (such as СМ”) favor S42 
reactions, while weak nucleophiles (such as H,O) favor carbocation reactions, 
primarily S41. with some El. Strong bases (such as СОН or ОК) favor E2 
reactions. 


strong nucleophile: 5, 2 
weak nucleophile: 5,1 
strong base: E2 


STUDY PROBLEM 


Predict which is generally the better nucleophile: СН,5 or СН,О”. Explain 
the reason for vour answer. 


C. The solvent 


The solvent exerts its influence on substitution and elimination reactions by its 
ability or inability to solvate ions: carbocations, nucleophiles or bases, and leaving 
groups. The ability of a solvent to solvate ions is determined by its polarity, which 
is usually reported as a dielectric constant. Whereas a dipole moment is a measure 
of the polarity of a single molecule, the dielectric constant is a measure of the 
polarity of a liquid (many molecules with interactions between them). A highly 
polar solvent has a high dielectric constant. Table 5.7 lists some common organic 
solvents, their dielectric constants, and the relative rates of a typical S41 reaction 
in that solvent. 

While dielectric constants can provide a guide for solvent selection, there are 
no firm rules about how to predict the best solvent for a given reaction. (The 
solubilities of the reactants must be considered too!) In general, a very polar solvent 
(such as water) encourages S41 reactions by helping stabilize the carbocation 
through solvation. Conversely, a less polar solvent (such as acetone) favors S42 
and E2 reactions because it does not aid ionization. 


TABLE 5.7. Relative rates of typical 5,1 reactions in various solvents 


Dielectric Approximate 
Solreni Formula constant relative rate 
formic acid HCO;H 58 15,000 
water H;O 78.5 4000 
80°, aqueous ethanol CH;CH;OH-H;O 67 185 
ethanol CH,CH,OH 24 37 


| 
acetone CH,CCH, 2! 0.5 
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In addition to solvation of a carbocation, the solvation of the nucleophile is 
very important. The choice of solvent can actually change the ranking of nucleo- 
philicity within a group of nucleophiles. A solvent that can solvate (and thus 
stabilize) an anion reduces its nucleophilicity. By contrast, a solvent that cannot 
solvate an anion enhances its nucleophilicity. The chloride ion is a far better 
nucleophile in dimethylformamide (DMF), where it is not solvated, than in 
ethanol, where it is solvated. 


DMF contains no H 
А 2 ап 50 2 
capable of solvating ethanol can sc lvate 
ed ^galive ior 
= a negative ion / a negative ion 


^" y 5+ 
CI- HCN(CH,), GH,ChLOH == CP- ОЕ 
ОМЕ 


D. Concentration of the nucleophile or base 


By controlling the concentration of nucleophile or base, a chemist has direct 
control over the rates of S42 and E2 reactions. Increasing the concentration of 
nucleophile generally has no effect on the rates of Spl or El reactions, but in- 
creases S42 ог E2 reaction rates proportionally. Therefore, a high concentration 
of nucleophile or base aids S42 or E2 reaction, respectively; a low concentration 
favors Syl or El. 


high concentration of Ми” or Базе: S42 or E2 


low concentration of Ми’; S.l or El 


E. Temperature 


An increase in temperature increases the rates of all substitution and elimination 
reactions. However, an increase in temperature usually leads to a greater increase 
in elimination products. (The reason for this is that elimination reactions usually 
have higher E,,'s than do substitution reactions, and higher temperatures enable 
a greater number of molecules to reach the elimination transition state.) 


Synthesizing Other Compounds from Alkyl Halides 


From a practical standpoint, only S42 and E2 reactions are useful for synthesizing 
other compounds from alkyl halides. S41 and El reactions usually yield mixtures 
of products. 

A large number of functional groups can be obtained by S42 reactions. So 
far, we have presented only a few nucleophiles, but many others can be used. For 
example, an ester is the product if a carboxylate salt is used as a nucleophile. (A 
carboxylate ion is а weak base and a fairly weak nucleophile; therefore, the 


— — 
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reaction proceeds best with the most reactive halides such as benzylic or allylic 

halides.) 
О О 
I. Lm 

CH,CÜÓ: + C,H,CH,<B8r: 


acetate топ 


| d 
C,H.CH;,OCCH, + :Вг: 7 
benzyl bromide benzyl acetate 


a carboxylate ion an ester 


An amine salt can be prepared if ammonia or an amine (weak bases, moderate 
nucleophiles) is used as a nucleophile. (This reaction will be discussed in Section 
15.5А.) 


a Шы. Exc LE 
(CH,)3N: Es CH,CH,CH,—Br: a 


trimethylamine 


CH,CH,CH;N(CH,), :Br: 
trimethyl-n-propylammonium bromide 


an amine a salt 


An alkene can be prepared by heating a secondary or tertiary alkyl halide 
with a strong base such as potassium hydroxide or the alkali metal salt of ап 
alcohol in an alcohol solvent. Generally, the more highly substituted, trans alkene 
is the product. The less substituted alkene can sometimes be prepared if a bulky 
base, such as К” ~OC(CH3)3, is used. 

Table 5.8 summarizes the types of products that can be obtained by S42 and 
E2 reactions of alkyl halides. 


TABLE 5.8. Some types of compounds that can be synthesized from alkyl halides 


Reactants^ Principal product Typical reagents 
1° ЕХ + OR’ КОК’ an ether Ма” -OCH,CH,, 
Ма’ СОСН, 
1° RX + OH ROH ап alcohol Na ӨН. 
К” ОН 
1° or 2° RX + "CN RCN anitrile Na* “СМ 
1° or 2? RX + SR’ RSR’ a sulfide. or thioether Ма’ ~SCH,CH, 
i [ 
1° or 2° ВХ + ~OCR’ КОСЕ’ an ester” Ма“ O CCH, 
1° ог 2° RX +I RI an alkyl iodide Ма” | 
1° ог 2° RX + NR; RNR; X^ anammoniumsalt (CH,),N 
2° ог 3° R,CHCXR, + ~OR’ R,C=CR, ап alkene K^ OH, 


Na^ "OCH,CH,, 
K= ОСН», 


^ Where 1° RX is specified, methyl halides, allylic halides, and benzylic halides may also be 


* A reactive halide must be used. 


тз! 
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STUDY PROBLEM 


5.24. Write equations to show how you would synthesize the following compounds 
from organic halides and other appropriate reagents. If there are two routes to 
the compound, choose the better onc. If two routes are equivalent, show both. 


(a) сњењсњо-(_ ) (b) (С) њен, 


i 
(c) CH,CH,OCH;CH,CH, (d) {( у)—©оснсн=сн, 


Summary 


An alkyl halide contains a good leaving group (X ) and is readily attacked by 
nucleophiles (Ми). Reaction occurs by one or more of four possible paths: SAI, 
Б ЕТЕ 2: 

An Syl or El reaction proceeds through a carbocation intermediate: 


EH alkene 


A carbocation intermediate usually leads to a mixture of products: a substitution 
product, an alkene, and also rearrangement products. Rearrangement products 
occur if the carbocation can form a more stable carbocation by a 1,2-shift of 
Н, Ar, ог В. If RX is optically active, racemization can occur in an Syl reaction. 

The rate of a typical S41 or El reaction depends оп the concentration of 
only RX; thus, these reactions are said to be first order. The rate-determining step 
(slow step) in an S41 or ЕІ reaction is the formation of В *. The stability of В * 
determines the energy of the transition state (Е) in this step because the transition 
state has carbocation character. The order of stability of carbocations is 3° > 2° > 
1° > CH,°*. For this reason, the likelihood of RX to undergo 51 or El reaction is 
3° > 2° > 1° > СН,Х. Allylic and benzylic halides undergo Spl reactions 
readily because of resonance-stabilization of the intermediate carbocation. 

An S,2 reaction is a concerted reaction that leads to inversion. Inversion can 
be observed if RX is optically active. An E2 reaction is also a concerted reaction 
that results by anti-elimination of H* and X. 
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(^ , 
NOE X —— ах 
RON 

H 

i 

E E 

R,C--CR, ——^—» ВОН + R,C—CR, + Х- 
Cx 


Both S42 and Е? reactions follow second-order kinetics: the rate is dependent 
on the concentrations of both RX and Nu because both are involved in the 
transition state. Because of steric hindrance, the order of reactivity of RX in 
S,2 reactions is CH,X > 1° > 2° > 3°. 

Because the transition state has double-bond character, the order of reac- 
tivity of RX in Е? reactions is 3° > 2° > 1°, the same order as in the El reaction. 
The most substituted alkene usually predominates in E2 reactions (Saytseff rule). 
The trans alkene usually predominates over the cis alkene. If steric hindrance 
inhibits the formation of the most substituted alkene, then the /east substituted 
alkene predominates (Hofmann product). 


STUDY PROBLEMS 


Name each of the following compounds by the IUPAC system: 
к Вг 
(à CChCH—CH, (b) CH,CHCH,CH,Br (с) EX 
CH; 
I 


H 
(d) © С, 
H \со:н 
a © 


H, 


Give the structure for each of the following compounds: (a) isobutyl iodide; 
(b) l-odo-2-methylpropane; (с) cis-1.3-dichlorocyclohexane; 
(d) 2-bromo-3-methyl-l-butanol; (e)(2R.3R}2-bromo-3-chlorobutane. 


Classify the following organohalogen compounds as methyl, 1°, 2°, or 3°, and, if 
applicable, allylic, benzylic, or vinylic. 


(a) (CH,),CCH,Cl (b) x (c) 99) 


CH; 
(d) (CH;CH;)CCl (e) (f) CH,CH;CH—CHRCI 
CI 
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5.28. Which compound ineach of the following pairs would undergo more rapid S42 reaction? 


(a) (CH,4CI or (CH;CH,),CHI (Ы) (CH;),CHI or (CH;),CHCI 


CH, 
(с) (a or {сна (d) {а ог CX 
Cl 


5.29. Complete the following equations for S42 reactions. 


(a) { авс, —— 
(b) d' HBr + CH,CH;CH;ONa —— > 


(c) ICH ,CH,CH,I+2 NaOH '———; 


(d) (CON: + сны — 


О 


Е 
(е) (СН,СН,ОС),СН + CHI 


5.30. Predict the likely substitution and elimination products when the following compounds аге 
treated with NaCN: 


Br 


| 
CHCH, 
(a) (b CH,CH,SCH,CH,Cl (с) ¢ a 


5.31. Suggest reagents for the preparation of each of the following compounds Бу an S,2-type 
reaction of an organohalogen compound with a nucleophile: 


О 
|| 
(a) (CHj,CHOGH, Ы ( \ © єн,со—(_) 
О 


5.32. Write equations showing the structures of the transition state and the product for the S42 
reaction of ОСН, with each of the following alkyl halides: 


(a) (R)-2-bromobutane; (b) trans-1-chloromethyl-4-methylcyclohexane ; 
(c) (R)-2-bromo-3-methylbutane; (4) (S)-2-bromo-3-methylbutane. 


5.33. Predict the product of an S42 reaction of each of the following nucleophiles with 
(S )-2-10dohexane: 


"s 
| 
(а) "SCH,CH, (Ы) CH,CE5C:- (с) (R)-CH,;CH,CHCH,CH,CH, 


5.34. Predict the S42 product: 


(6 < Mons (b) P + 20H- 


uw 
[29] 
л 


5.37. 
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Which of the following two syntheses for r-butyl ethyl ether would be preferred and why? 


(a) (СН „СО aor СН.СН,Вг (b) (CH;),CBr T CH,CH.O-. 


If Reaction | and Reaction 2 are two different irreversible reactions of a single starting 
material, and if Reaction 1 has a higher-energy transition state than Reaction 2, 


(а) which reaction has the higher Ex? 
(b) which reaction has the faster rate? 
(c) which products will predominate in the product mixture? 


What 15 the effect on the rate of the S42 reaction of СН, and ОН” when: 


(a) The concentration of CH,I is tripled and that of OH ^ is doubled? 
(b) The concentration of OH ^ is halved? 

(c) The temperature is increased? 

(d) The ratio of solvent to reactants is doubled? 


Which of the following carbocations is the most stable? Which is the least stable? 


(a) {а (b) (СН,СН,),СН” (с) (CH;CH;);C~ 


(1) Show the products of the solvolysis of the following compounds in aqueous ethanol. 
(2) Which halide would react the fastest? 


(а) (CH;).CHBr (b) (CH;)CBr (с) (СН): СІ 


Predict the product of the aqueous solvolysis of the following halides: 
(a) cis-1-10do-3-methylcyclohexane (b) (R)-2-10dooctane 


CI 


| 


(c) (2АК.4$)-2-1одо-4-тпеїһу1һехапе (4) CX 


Each of the following carbocations is capable of undergoing rearrangement to a more stable 
carbocation. Suggest a structure for the rearranged carbocation. 


(а) (CHj,CCHCH,CH, (b CH,—CHCH,CHCH, 


(c) (CHj,CHCHCH,CH(CH,, (d) ( У-ёнсн, 


The following reactions proceed with rearrangement. Show the initial carbocation. the 
rearranged carbocation. and the major rearrangement product in each case. 


(a) (CH4J,CCHICH, + H,O 
(b) (CHjJ,CHCHICH,CH, + CH,CH,OH 
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5.43. Reaction (a), which follows, is known to proceed readily. What is the organic product of 
reaction (b)? 


CH,O CH,O 

(a) HO Cho оо CHO + HCO, 
CHO CH,O 
CH,O 

(b) Ось «(oso ECC 
CH,O 


5.44. Suggest a synthesis for each of the following compounds from an organic halide: 


CH,OH 


(a) (b) CH,=CHCH,SCH, 


HOCH, 


5.45. Give the important resonance structures of each of the following cations: 


(a CH,—CHCH-—CHCH, (Ы) O-O 
(с) { }у—сн=сн, (4) ( )—ёнсн, 


5.46. Complete the following equations, showing structures of all likely substitution products: 


Br 


a Сењ ноч — 


CH,CI 
(b) T sus = À 
o Oo О-ва — 


(d) CCH- CHCH CHCH CIE ани 


О 
(е) (OL Seo. cos (О) он ЕЕ 
О 


CH,OH 


5.47. (a) Write the equations for the steps of the El reaction of 2-iodohexane with H,O, 
showing only the major alkene product. 
(b) Which step determines the rate of reaction? 
(c) What other alkene products could be formed? 
(d) Which step determines the ratio of alkene products? 


5.48. 


5.49. 


5.50. 


5.51. 


5.53. 


ы 
[21] 
P 


ы 
[Т1] 
л 
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Which is the more stable alkene: (а) l-butene or 2-butene? 
(b) 2.3-dimethyl-1-butene or 2,3-dimethyl-2-butene? (с) 2-methyl-2-pentene or 
4-methyl-2-pentene? (d) 1-methyl-1-cvclohexene or 3-methyl-1-cyclohexene ? 


What would be the predominant product of El reaction of each of the following 
compounds? 


| CHE CI Gh, 
GQ, GP СЙ «С 
CH, Н.С | 
Вг Вг 


What would be the predominant product of E2 reaction (NaOH as the base) of each of the 
compounds in Problem 5.49? 


Each of the following alkyl halides can undergo rearrangement in an Е] reaction. For each, 
show the initial carbocation, the rearranged carbocation, and the anticipated major 
rearrangement product. 


(а) (CH;),CHCHCICH(CH;), (b) (CH;);CCHBrCH,CH,CH; 


Which compound in each of the following pairs undergoes E2 reaction more rapidly? 


(a (CHj,CHCHBrCH,CH, or (CH;),;CBrCH,CH,CH; 
(b) (CH;),CHCHICH, ог (CH,,CHCH;CH,l 
(c) CH,CHICH, or CH,CHBrCH, 


Which hydrogen(s) must be replaced by deuterium if a maximum kinetic isotope effect is to 
be observed in an E2 reaction of each of the following compounds? 


CH; 
(а) (GH,);CCICH, (b) (c) 
Br 


For each of the following reactions, indicate whether the product is mainly the Saytseff 
product or the Hofmann product: 


(а) CH,CHCICH,CH,CH, CH, =CHCH,CH,;CH;, 
CRCR си, ——— ‘CHjCH-=CHCHICH, 


(c) {_)—сн,сыснєн,, -——— { )—сн,сн=ссн, 


Predict the principal E2 product of the reaction of each of the following compounds with 
Ма” ОСН,: (a)(S)-2-bromopentane; (6) 2,6-dichloroheptane; 
(d) (1S5,2S)-1-bromo-1,2-diphenylbutane; (d) (S)-1-chloro-1-cyclohexylethane. 


2\12 


5.56. 


5.57. 


5.58. 


5.59. 
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Complete the following equations, showing only the major organic product, and predict 
which reaction mechanism ($51, S42, El, E2) is the most likely: 


(а) (CH,),CHBr+ Ki 2109, 


CH,CH,OH 
ЕЕЕ; 


heat 


(b) (CH,),CHBr + KOH 


heat 


(c) (CH,),CHBr + CH,CH,OH — 5 
(d) (СН), а + GH,OH, ——— 


o О-о «e — 


(f) (CH;),CCICH,CH; + Ма* ~OCH, _CH3OH | 
(g) CH,CHBrCH;CH;CH, + KOH n 


(h) (CH,),CBrCH,CH, + К+ -OC(CHj, э 


Which reaction would be more likely to give a rearrangement product: 
(a) 2-bromo-3-methylbutane with 10% aqueous KOH, ог (b) 2-bromo-3-methylbutane 
with 0.1% aqueous KOH? 


Write equations to show how you could prepare the following compounds from organic 
halides: 


(a  CH;,—CHCH;OH (b (CH3) CHCH,SH 
CH, 
Н.С 
(c) trans-C,H;CH=CHC,H, (d) 
OCH; 
CH,CN 
СІ i 
(e) (0) C H ОСС В 
CH,CN 
CN 


п | 
(B (CH;);NCH,CH,CH,N(CH,), 2Br- (В) брен наш 
СМ 


Explain the following observations: 


(a) The following halide is inert toward nucleophiles under either S41 or S42 conditions. 


AY 


Br 


5.63. 
5.64. 
5.65. 
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(b) Quinuclidine undergoes reaction with iodomethane about 50 times faster than does 
triethylamine, even though these two amines have almost equal basicities. 


quinuclidine 


(с) When heated in a solvent, (S)-4-bromo-rrans-2-pentene undergoes racemization. 

(d) Chloromethyl methyl ether (CICH ;OCH у) undergoes rapid S41 reaction. 

(е) When(A)-2-iodooctane is treated with radioactive iodide ion, the rate of racemization 
is found to be twice the rate of incorporation of radioactive iodine. 


A compound with the formula С, НС], upon treatment with a strong base, yields three 
isomeric alkenes. What is the structure of this alkyl halide? 


How would you distinguish (chemically) between each of the following pairs of compounds? 


(a) TOX and (Qoo 
(b) ( 3» and es: 


(c) (2S.3R)-2-chloro-3-methylpentane and its (2S,3S)-diastereomer 


(2R,3S )-2-Bromo-3-deuteriobutane undergoes an E2 reaction when treated with 
NaOCH;CH, in ethanol. What would be the principal product(s)? 


(2S.3S)-3-Bromo-2-methoxybutane undergoes ап S42 reaction with СН,О to yield an 
optically inactive product. Explain. (Use an equation in your answer.) 


Consider the following hypothetical two-step reaction: 


A+B LE [AB] —S5€ 9 products 


(a) Would this reaction show overall first-order or second-order kinetics? Explain. 
(b) Is this reaction unimolecular or bimolecular? Explain. 


Suggest a synthesis for 1,4-dioxane from 1,2-dibromoethane and no other organic reagents. 


(Hint: ROH `2. RO- Ма* -1H,) 


О О 
7 


1.4-dioxane 
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Suggest a mechanism for each of the following reactions: 
(а) (CH;),CHCI + AgNO, + H,O ———9 (CH;),CHOH + AgCl 


CH, CH 
+ AgNO, КН О 2—5 
CH;CI 


5.66. 


(b) ` + AgCI 


OH 
(9 [>—сн,с + но —— 


[>—CH,OH + «он + CH,=CHCH,CH,OH 


Вг 
LiBr 
—u.o^? CH3;CH=CHCH,Br 


| 
(d CH,—CHCHCH, —но 
MDC CH4CH;CH;NO; ae CH,CH,CH,O0NO НЕ Cle 


(е) CH,CH,CH,CI + мо,- 


(f) С Усна + CN? 


Formulas for two of the stereoisomers of menthyl chloride follow. One of these menthyl 
chlorides undergoes rapid E2 reaction when treated with a base to yield two alkenes: 75% A 
and 25% B. The other menthyl chloride undergoes a slow E2 reaction and yields only one 


H,O 
—— 9 


5.67. 


alkene. 
CH: CH, 
е с : с 
CH CH 
ZA 4 
CH, ‘CH, CH, CH; 
(a) Which menthyl chloride undergoes the more rapid reaction? Why? 


(b) 
(c) 


What two alkenes are formed in this reaction, and which one predominates? Explain. 
Which menthyl chloride undergoes the slow reaction, and what is the structure of the 
single alkene product? Explain why the reaction is slow and yields only one alkene. 


СНАРТЕК 6 


Free-Radical Reactions; 
Organometallic Compounds 


M any organohalogen compounds are prepared industrially by the reaction of 
hydrocarbons and halogens, two inexpensive starting materials. Direct 
halogenation reactions often proceed explosively and, as a general rule, give 
mixtures of products. For these reasons, direct halogenation is used only 
occasionally in the laboratory. 


ultraviolet hght 


С е — > ш, -CHCEL НС! a. othen products 


methane 
ЕС л, чөн нн" CHCA Cie CICH;CH;CI + HGL + other products 
ethane 
Itraviolet hgh 
(Ось, А (Осн + НСІ 
toluene 


Direct halogenation reactions proceed by a free-radical mechanism, which 
is different from the mechanisms discussed in Chapter 5 for nucleophilic sub- 
stitutions and eliminations. Free-radical reactions have biological and practical 
importance. For example, organisms utilize atmospheric oxygen by a sequence of 
reactions that begins with a free-radical oxidation-reduction. Butter and other 
fats become rancid partly by free-radical reactions with oxygen. 

Organometallic compounds are the second topic we will introduce in this 
chapter. Reactions of these compounds appear periodically throughout the rest 
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of this book. It is appropriate to mention them here because most organometallic 
compounds are prepared from alkyl halides. 


4CH,CH,CIl+ 4Na/Pb  ——— (CH ;CH,),Pb + ЗРЬ + 4 NaCl 
sodium lead tetraethylicad 
alloy 


an organometallic compound 


diethyl ethe 


phenylmagnesium bromide 


an organometallic compound 


SECTION 6.1 


A Typical Free-Radical Reaction: Chlorination of Methane 


The term free radical refers to any atom or group of atoms that has an odd 
number of electrons. Because the number of electrons is odd, the electrons in a free 
radical cannot all be paired. Although a free radical usually has no positive or 
negative charge, such a species is highly reactive because of its unpaired electron. 
A free radical is usually found as a high-energy, nonisolable reaction intermediate. 

We usually symbolize a free radical with a single dot representing the un- 
paired electron. 


Lewis formulas for typical free radicals: 
Bre mc 
H 


Usual formulas for free radicals: 


Cl- Вг. Н.С. on CH; өп CH; 


STUDY PROBLEM 


6.1. Write Lewis formulas for the following free radicals: 
(a) HO- (Ы) CH,O- © CH,CH, 


The chlorination of methane in the presence of ultraviolet light (symbolized 
hv; see page 314) is a classical example of a free-radical reaction. The result of the 
reaction of Cl, with CH, is the substitution of one or more chlorine atoms for 
hydrogen atoms on the carbon. 


hv 


CHA + Cl, гше CH,Cl SI CHCl; 
methane chloromethane dichloromethane 
(methyl chloride) (methylene chloride) 
t CHCl, oF CCl, + HCl 
trichloromethane tetrachloromethane 


(chloroform) (carbon tetrachloride) 


= 


A Турка! Free-Radical Reaction: Chlorination of Methane Section 6.1. 22) 


Although methane is the simplest alkane, four organic products can be 
formed in its chlorination. Small amounts of higher alkanes, such as ethane, and 
their chlorinated products may also be formed. We will discuss first the reactions 
leading to СН,СІ, then we will expand the discussion to the formation of other 
products. 

The mechanism of a free-radical reaction is best thought of as a series of 
stepwise reactions, each step falling into one of the following categories: (1) 
initiation of the free-radical reaction; (2) propagation of the free-radical reaction; 
and (3) termination of the free-radical reaction. 


A. Initiation 


As the term implies. the initiation step is the initial formation of free radicals. 
In the chlorination of methane, the initiation step is the homolytic cleavage of 
Cl, into two chlorine free radicals. The energy for this reaction step is provided by 
ultraviolet light or by heating the mixture to a very high temperature. 


Step 1 initiation): 


СҮГҮ Е 
Я: 3 ked)mok о, 2Cl 


free radicals 


B. Propagation 


After its formation, the chlorine free radical starts a series of reactions in 
which new free radicals are formed. Collectively. these reactions are called the 
propagation steps of the free-radical reaction. In effect, the initial formation of a 
few free radicals results in the propagation of new free radicals іп а self-perpetuating 
reaction called a chain reaction. 

As the first propagation step, the reactive chlorine free radical abstracts a 
hydrogen atom from methane to yield a methyl free radical and HCI. 


ci РСН, + 1 kcal/mole ——> Н:С1+-СН, 


The methy] free radical is also reactive. In the second propagation step, the 
methyl free radical abstracts a chlorine atom from Cl). 


ќа, + Gra — § она + CI- 4 25.5 kcalfmole 


chloromethane 


This step yields one of the products of the overall reaction, chloromethane. 
This step also regenerates a new chlorine free radical that can abstract a hydrogen 
atom from another methane molecule and start the propagation sequence over 
again. 

The overall sequence so far is: 


Initiation: CL Вы." 2Cl- 


Propagation: 


CH, = Cl ——— CH, + НС! 


~ Can undergo 
CH; + Cl, CH;CI + Cl- reaction with CH, 
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Because a single Cl* causes reaction and a Cl- is also formed, the process 
could, in theory, continue indefinitely. However, as you might imagine, the 
reaction does not continue indefinitely. The number of cycles (that is, the number of 
passes through the propagation steps) is called the chain length. The chain length 
of a free-radical reaction depends partly upon the energies of the radicals involved 
in the propagation. (We will discuss this subject shortly.) For a free-radical chlori- 
nation of a hydrocarbon, the chain length is about 1000. 


C. Termination 


The propagation cycle is broken by termination reactions. Any reaction that 
results in the destruction of free radicals or in the formation of stable, nonreactive 
free radicals can terminate the free-radical propagation cycle. The chlorination 
of methane is terminated principally by free radicals combining with other free 
radicals; this is a process of destruction of free radicals. In Section 6.7, we will 
mention termination by formation of stable, nonreactive free radicals. 


Termination steps: 
Е БЕН == ЗЕЕ 
“СН, + ‘СН, > CHCH, 


The second termination step shown is an example of a coupling reaction: the joining 
together of two alkyl groups. 


STUDY PROBLEM 


Write equations for the initiation, propagation, and termination reactions 
leading to the formation of chlorocyclohexane from cyclohexane and chlorine. 


D. Why free-radical reactions yield mixtures of products 


Free-radical reactions are often characterized by a multitude of products. For 
example, the chlorination of methane can yield four organic products. The reason 
for the formation of these mixtures is that the high-energy chlorine free radical is 
not particularly selective about which hydrogen it abstracts during the propaga- 
tion step. 

While chlorine is undergoing reaction with. methane, chloromethane is 
being formed. In time, the chlorine free radicals are more likely to collide with 
chloromethane molecules than with methane molecules, and a new propagation 
cycle is started. In this new cycle, chloromethyl free radicals (СНС) are formed. 
These undergo reaction with chlorine molecules to yield dichloromethane 
(СН,СІ,). As in the previous cycle leading to СН;СІ, another chlorine free 
radical is regenerated in the process. 


Propagation steps leading to dichloromethane: 
(Фо ЕНЕС a HIF -CHC 
-GHEG eG == CH,Cl, + СІ: 


dichloromethane 
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| SAMPLE PROBLEM 


6.3. 


6.4. 


Write the propagation steps leading to the formation of trichloromethane 
(chloroform) trom dichloromethane 


Solution: СӘ сна. ——— ны. снос, 
СНС, т Cl. trem. (в т CHCl, 


STUDY PROBLEM 


Write the propagation steps leading to the formation of tetrachloromethane 
(carbon tetrachloride) from trichloromethane. 


The free-radical! chlorination of methane can yield four organic products (ог 
more. if coupling products are considered). Higher alkanes can produce even larger 
numbers of products because there are more hydrogens available that can enter 
into propagation reactions. 


STUDY PROBLEM 


How many chloroalkanes could be produced in the chlorination of ethane? 


SAMPLE PROBLEM 


A chemist wishes to make chloroethane from chlorine and ethane. If he wants 
to avoid higher chlorination products. would he use: (a) an equimolar mixture 
of CH,CH; and Cla; (Ы) anexcess of Cl,: or (с) an excess of СН.СН,? 


Solution: (c) By using an excess of CH,CH,. the chemist increases the 
probability of collisions between Cl- and СН.СН, and decreases the probability 
of collisions between Cl: and CH,CH,Cl. 


SECTION 6.2. 


Relative Reactivities of the Halogens 


The halogens vary dramatically in their reactivity toward alkanes in free- 
radical reactions. Fluorine undergoes explosive reactions with hydrocarbons. 
Chlorine is next in terms of reactivity, followed by bromine. Iodine is nonreactive 
toward alkanes. 


increasing reactivity as free-radical agents 


The relative reactivity of the halogens toward alkanes is по! due to the ease 
with which X, molecules are cleaved into free radicals. From the bond dissociation 
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energies for the halogens, we can see that the relative ease of homolytic cleavage is 
almost the reverse of their reactivity in halogenation reactions. 


bond dissociation energy (kcal/mole): 37 58 46 36 


The order of reactivity is primarily a result of the AH of the propagation steps 
in free-radical halogenation. The propagation steps of fluorination are highly 
exothermic. More than enough energy is produced to rupture additional F—F 
bonds and cause an extremely rapid, explosive reaction. 


F: + CH, — —» HF + CH,: + 31 kcal/mole AH = —31 kcal/mole 
СН; + Е, —— — СН,Е + Е + 71 kcal/mole AH = —71 kcal/mole 
CH, + Е, —— СН,Е + HF + 102 kcal/mole net AH = —102 kcal/mole 


Just the reverse situation 15 encountered with iodine: the propagation steps 
are endothermic—that is, the products are of higher energy than the reactants. 
Most important, the energy required by I- to abstract hydrogen from a C—H 
bond is substantially endothermic. The result is that the iodine free radical does 
not enter into a chain reaction; I- is an example of a stable free radical, a free 
radical that does not abstract hydrogens. 


I- + CH, + 33 kcal/mole —— НІ + CH,* AH = +33 kcal/mole 
СН: +1, э СНЫ + I: + 20 kcal/mole AH = —20 kcal/mole 


CH, + 1, + 13 kcal/mole ——— СН, + HI net AH = +13 kcal/mole 


Chlorine and bromine are intermediate between fluorine and iodine in AH 
of the propagation steps and therefore are also intermediate in reactivity. Figure 
6.1 shows energy diagrams for the reactions of Cl, and Br, with methane. 


Cl: + CH, + I kcal/mole ——— НСІ + СН, AH = +1 kcal/mole 
СН, + Ch ——— СН,А + CI: + 25.5 kcal/mole AH = —25.5 kcal, mole 
CH, + С, ә СН,А + НСІ + 24.5 kcal/mole net АН = — 24.5 kcal/mole 


slow step 
A 


slow step 


ЄН ap(@le СН; + НСІ 
(+ СІ) 


сазо CH; Br + Br- 


Progress of reaction ——> Progress of reaction ——> 


FIGURE 6.1. Energy diagrams for the free-radical chlorination and bromination of 
methane. 
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Br- + СН, + 17 kcal mole > KBr + CA АН = +17 Kcal/mole 
GEL Br, CH,Br + Br: + 24 kcal mole АН = — 24 keal mole 
CH, + Br, —— — СН,Вг + HBr + 7 kcal mole net АН = —7 kcal/mole 


In summary, we find that only chlorine and bromine are useful as free-radical 
halogenating agents. Fluorine is too reactive toward alkanes, and iodine is not 
reactive enough. 


SECTION 6.3. 


Stereochemistry of Free-Radical Halogenation 


An alkyl free radical is a species in which a carbon atom has three groups 
attached to it and a single, unpaired electron. We will look at the structure of the 
methyl free radical; other alkyl free radicals have similar bonding around the free- 
radical carbon. 

Because there are only three attachments to the free-radical carbon, this 
carbon is in the sp?-hybrid state. The three sp? orbitals are planar and the unpaired 
electron is in the p orbital. The structure is very similar to that of a carbocation 
except that the p orbital of a carbocation is empty. 


оне e` in the p orbital 
(equal probability in either lobe) 


sp 


wm H 
у 


methyl free radical, CH, · 


When a pure enantiomer of a chiral alkyl halide undergoes Snl reaction 
at the chiral carbon, racemization is observed. As we discussed in Chapter 5, 
racemization arises from the nucleophile being able to attack either lobe of the 
empty p orbital of the carbocation. If a hydrogen is abstracted from the chiral 
carbon of a pure enantiomer in a free-radical reaction, racemization also occurs. 


H js 
CH,CH,-C-—CH. «Cl, —"— cH,CH,CCH,O 4 HCI 
CH, CH; 
(S)-1-chloro-2-methylbutane (R)(S)-1,2-dichloro-2-methylbutane 
(racemic) 


The preceding reaction can lead to a number of products; there are five 
carbon atoms in the molecule that can lose a hydrogen and gain a chlorine. We 
would also expect to find as products trichlorinated alkanes, tetrachlorinated 
alkanes, and so forth. But we are interested only in the one product that has been 
chlorinated at the chiral carbon. When we isolate this specific product, we find that 
it is a racemic mixture of the (А) and (S) enantiomers. Just as in an Syl reaction, 
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this evidence leads us to believe that the free radical is flat (sp? hybrid) and that a 
chlorine atom can add to either lobe of the p orbital. 


^ 
< 
ЕЕ о 
| CI HC —— 
H \) CH,CH, 
| cr НС. (К) 
Y EN M ое 1.06) 
HEYS —HCI 
MEL так 
CHCH, 
(S) planar free radical 


(one e^ in p orbital) 


е СН.С1 
| с CHCH E «С 2 


=сү- | 
CI 


(S) 


STUDY PROBLEM 


6.5. Another dichloroalkane formed in the chlorination of 
(S)-1-chloro-2-methylbutane is CH; CHCICH(CH;)CH,Cl. Is this 
dichloroalkane racemic or not? 


SECTION 6.4. 


Hydrogen Abstraction: The Rate-Determining Step 


Unlike the kinetics of substitution and elimination reactions, the kinetics of a 
free-radical reaction are quite complex. Simple rate expressions, such as first- 
order or second-order, are not encountered in free-radical chemistry. The reason 
for this complexity is that the steps in a free-radical reaction are enmeshed in a 
cyclical process of varying chain lengths. However, evidence does point to the 
hydrogen-abstraction step as the step governing the overall rate at which products 
are formed. For example, methane (CH,) undergoes free-radical chlorination 12 
times faster than perdeuteriomethane (CD,), indicating that the CH bond 15 
broken in the rate-determining step of the reaction. 


H (or D) abstraction is the rate-determining step: 


faster 


CH, + СІ: CH,: + НСІ 


slower 


Gus с Ас DE 


A. Which hydrogen is abstracted? 


The hydrogen atoms in organic compounds may be classified as methyl 
(СН), primary (attached to a 1° carbon), secondary (attached to a 2° carbon), 
tertiary (attached to a 3° carbon), allylic (on a carbon adjacent to a double bond), 
or benzylic (on a carbon adjacent to an aromatic ring). 
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Y hydrogens 


* 
CHIJCH.GH, ^ CH,—CHCH, (Ось, 
Г | t 


\ \ 
Г hydrogens allylic hydrogens benzylic hydrogens 


SAMPLE PROBLEM 
Classify each circled Н as Г. 2°, 3°. allylic. or benzyiic: 


H 


(a) (снә,сс@, (>) cpc © CL) н 


Solution: (а) 17; (b)3: (с) 2*: (d)allylic апа 3°: (e) benzylic and 2° 


These different types of hydrogen atoms аге not abstracted at identical rates 
by free radicals. Instead, there is a degree of selectivity in hydrogen abstraction. 
The reaction of propane with a small amount of chlorine under free-radical 
conditions yields two monochlorinated products, 1-chloropropane and 2-chloro- 
propane, with the 2-chloropropane predominating. 


TU 
СН.СН.СН, + Cl; — ET СН.СНСН, +  CH,CH;CH;Cl 
ргорапе 2-chloropropane I-chloropropane 
(isopropyl chloride) (n-propyl chloride) 
557 45% 


There are six primary hydrogens and two secondary hydrogens altogether in 
propane; the ratio of primary to secondary hydrogens in propane is 6/2, or 3/1. 
If all the hydrogens underwent abstraction at equal rates, we would observe three 
times more l-chloropropane than 2-chloropropane in the product mixture. This 
is not what is observed when the reaction is carried out; instead, slightly more 
2-chloropropane is formed. We conclude that statistical H abstraction does not 
occur, and that secondary hydrogens are abstracted faster than primary hydrogens. 

Another example of how the relative rates of hydrogen abstraction affect the 
product ratio follows. (We will discuss the greater selectivity of Br, in Section 6.5.) 


(CH;),;CHCH,Cl + (CH;),;CCl + other products 


а, 
Сн, $2 1-chloro-2-methylpropane 
| (isobutyl chloride) t-buty] chloride 
СН.СНСН, 50% 30% 20% 
Br, 
methylpropane ч 
(isobutane) (CH,;),CBr 


t-butyl bromide 
almost 100% 
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STUDY PROBLEM 


6.6. Іп the chlorination of methylpropane, what would be the expected product ratio 
of isobutyl chloride to ¢-buty! chloride if all the hydrogens were abstracted at 
equal rates? 


Through these and similar experiments, the order of reactivity of hydrogens 
toward free-radical halogenation has been determined. The relative rates for 
halogenation reactions of a few compounds are given in Table 6.1. 


H H H 


| | | 
Н.С CH,CH, (CH3),CH (CH43),C—H allylic and benzylic 
methyl 1° 23 3° 


increasing rate of reaction toward X, 


TABLE 6.1. Average relative rates of hydrogen abstraction 


Reagent? 

Hydrocarbon Br, Cl, 
CH;—H 0.0007 0.004 
CH;CH,—H 1 1 
(CH;),CH—H 220 4.3 
(CH4),C—H 19,400 6.0 
C;H5CH,—H 64,000 ILS 
(C;H;);,CH—H 6.2 x 10? 2.6 
(C;H45),C—H 1.14 x 108 9.5 


“ The two columns contain data from two separate studies of relative rates. The 
chlorination of ethane proceeds much more rapidly than bromination under the 
same conditions. 


B. Relative stabilities of alkyl free radicals 


To understand why some hydrogens are abstracted more easily than others, 
we must look at the transition states of the hydrogen-abstraction steps. The 
following equations show the hydrogen-abstraction steps ш the chlorination of 
methane and methylpropane. (The symbol ó * is used to show that both the 
chlorine atoms and the carbon atoms have partial free-radical character in the 
transition states.) 


HH HH HH 
EU 5. a =// 

Cl: + E cem uL. ——— v NE GI ү 
H H H 

methane transition state planar 


methyl free radical 
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lC ВЕС. GN HG GH, 
„СН, д. Е Е 
Cl- + "d —— |СІ----Н----С% — — CI-H+ C: 
CH; CH; CH; 


methylpropane 
transition state planar 


t-butyl free radical 


In the transition state, the CH bond is breaking. Part of the reason for the 
reactivity sequence 3° > 2° > 1° > СН. may be attributed to the increasing CH 
bond strength as we go from 3° to methyl. It is easier to break a 3° CH bond than 
a 2° CH bond. 


CH;—H CH;CH,—H (CH;),;CH—H GLISSE 181 
bond dissociation 
energy (kcal/mole): 104 98 94.5 91 
decreasing bond strength 


However, the relative CH bond strengths are probably not the only reason 
for the reactivity differences. The transition-state structure for hydrogen abstrac- 
tion has some free-radical character; therefore, the energy of the transition state is 
largely determined by the stability of the alkyl free radical being formed. The order 
of free-radical stability, just like that of carbocation stability, increases as we pro- 
ceed from methyl to tertiary. It is thought that the free-radical intermediates are 
stabilized by interaction with neighboring sigma bonds, possibly by hypercon- 
Jugation (see Section 5.6E). 


CH, -CH,CH,  (CH,íLCH  (CH,4C: allylic and benzylic 


methyl r e 3 


increasing stability 


As in the case of carbocation reactions, we find enhanced free-radical 
reactivity at allylic and benzylic positions because of resonance-stabilization of the 
intermediate. 


allylic 
\ Cl, 
CH,=CHCH, ЕТУ. СН,=СНСН,С!1 
ргорепе 3-chloro-1-propene 
(allyl chloride) 
907, 


benzylic 
{ 


а 
OR —— (С)—снен, р (Оусньсн:а 


ethylbenzene (1-chloroethyl)benzene (2-chloroethyl)benzene 
56%, 44%, 
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STUDY PROBLEMS 


6.7. Write resonance structures for the following free radicals: 


(a) CH,—CHCH, (Ы) (Cc, 


6.8. List the following free radicals in order of increasing stability (least stable first): 


„Су 0D oye «О-= О 


C. Rearrangements of free radicals 


Alkyl free radicals are, in many respects, similar to carbocations. Both are sp? 


hybrids; both undergo racemization if reaction occurs at a resolved chiral carbon; 
and both show the same order of stability in terms of structure. Carbocations tend 
to undergo rearrangement to more-stable carbocations. Does the same hold true 
for free radicals? No, this is one of the differences between free radicals and 
carbocations. While free-radical rearrangements are not unknown, they are not 


common. 
Rearrangement: 
CHS GH; HO CH, 
— + + | н.о 
a — 8 N ae EC X MEN LS 
Gis (SEIS CH; 
a 2? carbocation a 3° carbocation a 3° alcohol 
No rearrangement: 
Tun т ў 
. Gir 
м aa. ea 
CH, СН, 
а 2° free radical а 2° alkyl halide 


SECTION 6.5. 


Selective Free-Radical Halogenations 


A.  Bromine versus chlorine 


Although free-radical halogenations often lead to mixtures of products, good 
yields of single products may be obtained in some cases. Compare the product 
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ratios of the chlorination and the bromination of propane: 


CI 
Е Wa. cm + CH4,CH;CH;CI 
2-chloropropane I-chloropropane 
55% 45°, 
CH;CH,;CH; 
Br 


| | 
[Bey GH,CHGH, + CH,GH,CH,Br 


hy 
2-bromopropane ]-bromopropane 
98°, 2% 


227 


We can see that bromine, which yields 98% 2-bromopropane, is more selec- 
tive about abstracting a secondary hydrogen than is chlorine. The selectivity of 
bromine arises from the fact that bromine is less reactive than chlorine in free- 


energy diagrams (Figure 6.2). 


radical halogenations. To see why this is so, we will consider a pair of hypothetical 


| Reaction | in Figure 6.2 is an exothermic reaction with a low Е и. Note that 


act* 


the structure ofthe transition state in Reaction 1 is very close to that of the reactants. 
Like Reaction 1, the hydrogen-abstraction step in the chlorination of propane is 
exothermic and has a low £,4. (You could calculate the Е, from Table 1.4, 
page 18.) Therefore, the transition state in this reaction step resembles the reactants 


more than it does the products: 


| СН, СН, H CH, 
| Nai, СІ. \ б. д; Е 
Н P чш —— ee Ве |nleseesssseze еке => ү + HCl 
CH, CH; (WEITE 
propane transition state isopropyl 
resembles reactants free radical 


transition-state structure transition-state structure 
close to reactants close to products 


Reaction 2 (endothermic) 


—-— mnm 


Reaction 1 (exothermic) 


Progress of reaction ——> 


FIGURE 6.2. Energy diagrams showing the relationship of transition-state structure to the 


exothermic or endothermic nature of a reaction. 
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Now let us look at Reaction 2 in Figure 6.2, This is an endothermic reaction 
with a high E,.,. The structure of the transition state in Reaction 2 is close to that 
of the products. The hydrogen-abstraction step in free-radical bromination is 
more endothermic and has a higher Epa than in chlorination. The structure of the 
transition state in bromination has a greater resemblance to the product alkyl 
free radical. 


CH, H CH, Ei GHS 

М Вг. BIA ó. 2 
H^"C—H — 9 T tee Н------Вг| ———> q + HBr 
CH, Сн, Сн, 


transition state 
resembles products 


Because this transition state in bromination resembles the alkyl free radical, 
it is highly influenced by the stability of the alkyl free radical. The reaction pro- 
ceeds through the lower-energy transition state to yield the lower-energy, more 
stable free radical: CH,CHCH, is highly favored over CH,CH,CH,. By contrast, 
the transition state in chlorination is less influenced by the stability of the alkyl 
free radical: CH,CHCH, is only slightly favored over СН.СН.СН, . Therefore, 
chlorine is more likely to yield product mixtures. 


B.  Benzylic and allylic halogenations 


Toluene may be selectively halogenated at the benzylic position with either 
chlorine or bromine. If more than one alkyl position on a benzene side chain is 
open to attack, as in ethylbenzene, the more selective bromine is the reagent of 
choice for halogenation at the benzylic position. 


(Ось, == (О) where X = СІ or Br 


toluene a benzyl halide 
100° 
CI Cl 
Cl | | 
m СНСН, ae (НӨН 
(1-chloroethyl)benzene (2-chloroethyl)benzene 
563 «чу 


Oeren 


ethylbenzene 


id 
B 
Le {( )—<нсн, 
hv 
(1-bromoethyl)benzene 
100°, 


—— 9 —u—— оса OG Ü ! Ll MEM ИӘ 09 АЭ) ЕЕЕ" 
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A convenient laboratory reagent for selective halogenation is N-bromosuc- 
cinimide (NBS). which introduces bromine at the allylic and benzylic positions, but 
not at other positions. An NBS reaction is catalyzed by light or by some source of 
free radicals. 


^ О allylic bromination 
r x CCL | = 
(№ Gi- CHCH -— e NH + CH,—CHCH,Br 
propene allyl bromide 
О О 
NBS succinimide 


benzylic bromination 


ethylbenzene (1-bromoethyl)benzene 


The selective action of NBS depends partly on its ability to provide a low, but 
constant, concentration of Br,, which is the halogenating agent. The Br, is 
generated by the reaction of HBr (a product of the halogenation) and NBS. 
Therefore. as Br, is consumed, more is formed. 


Br. consumed: 


CH,=CHCH, т Бе, " =” CH.—CHCH:Br == НВг 


Br. generated: 


NBr + HBr —— —— NH + Br, 
О 


If the two carbon atoms in an allylic system are not equivalent, mixtures of 
products result; however, the products may not necessarily be formed in equal 
amounts. If groups are added to the allylic system, the energies of the resonance 
structures may not be equivalent; one resonance structure may be a greater con- 
tributor. 


NBS 


CH,CH,CH=CH, [CH,CHCH—CH, є» CH,CH=CHCH,] 


]-butene resonance structures 
Br 


CH,CHCH-—CH, CH,CH=CHCH,Br 


3-bromo-1-butene 1-bromo-2-butene 
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SAMPLE PROBLEM 


In the NBS bromination of [-butene, which of the two products would you 
expect to predominate? 


Solution: The intermediate free radical has two resonance structures. Both are 
allylic radicals, but one is | and one is 2 . A 2 free radical is more stable 

than a Г free radical; therefore, the 2° structure is the major contributing 
resonance structure. The major product is 3-bromo-|-butene. 


STUDY PROBLEM 


6.9. Predict the major halogenation products of NBS halogenation of the following 
compounds: (a) n-butylbenzene; (b)cyclohexene; (с) -phenyl-1-propene. 


SECTION 6.6. 


Other Free-Radical Reactions 


As we have mentioned, free-radical reactions are not limited to the halogen- 
ation of hydrocarbons, but are encountered in many areas of organic chemistry. 
For example, free radicals add readily to double bonds (another complication in 
allylic halogenation). However, we will limit our present discussion to sigma- 
bond free-radical reactions and consider only a few of the many processes known 
to proceed by a free-radical mechanism. 


A. Pyrolysis 


In Section 3.4C, we defined pyrolysis as the thermal decomposition of organic 
compounds in the absence of oxygen. When organic molecules are heated to high 
temperatures, carbon-carbon sigma bonds rupture and the molecules are broken 
into free-radical fragments. (The temperature required depends on the bond 
dissociation energies.) This fragmentation step, called thermally induced homolysis 
(homolytic cleavage caused by heat), is the initiation step for a series of free- 
radical reactions. The following equations illustrate some possible pyrolysis 
reactions of pentane. (There are other possible positions of cleavage and sub- 
sequent reaction.) 


h " 
CH,CH, CH M CH,cH, o TEILS GPS + Garda 


Once formed, the free radicals can enter into typical propagation reactions 
yielding new free radicals. For example, a free radical can abstract a hydrogen 
atom from another pentane molecule. 


Снан: 3SGH,;CH,CHCH,GE, 9 СЫ. CH CCH GHICA GHI 
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The free radicals can also undergo В cleavage, a reaction that, in our example, 
yields an alkene and a methyl free radical. 


. Gr 
cuc, uS cn Мён, == еее е 
[4 


N 


H Fit ge А "ni 
р to free radteal 


The termination steps in pyrolysis reactions may be either the joining together 
(coupling) of two free radicals or the disproportionation of two radicals. Dispropor- 
tionation is a general term used to describe a reaction in which two equivalent 
species react with each other so that опе is oxidized and one is reduced. Dispropor- 
tionation between two alkyl free radicals involves the transfer of a hydrogen atom 
from one free radical to the other. Two stable products, an alkane (the reduced 
product) and an alkene (the oxidized product) are formed. 


ыб 
CH,CH,- + CH,~CH, ———  CH,CH, + CH,=CH, 
two ethyl radicals ethane ethylene 


reduced oxidized 


Controlled pyrolysis has been used industrially for the cracking of high- 
molecular-weight compounds to lower-molecular-weight compounds, which are 
often more useful. Until about 1925, pyrolysis of wood provided the major source 
for methanol (wood alcohol). The thermal cracking of high-boiling petroleum 
fractions into lower-boiling gasoline fractions was once the only method available 
for obtaining more gasoline from petroleum. Both of these techniques have been 
replaced by more sophisticated chemical reactions. The cracking of petroleum 15 
now accomplished with the help of catalysts (Section 3.5), while methanol is 
largely produced by the catalytic hydrogenation of carbon monoxide 
(CO + 2H, > CH,OH). 

Pyrolysis is studied today primarily for gaining knowledge about the 
mechanism of combustion—for example, about the processes involved in the 
burning of wood or coal. The gaseous molecules that undergo combustion arise 
from free-radical pyrolysis of molecules on the surface of wood or coal. Fire 
retardants function not by directly reducing the flames, but by inhibiting the surface 
and vapor-phase free-radical reactions. 


B. Free radicals in biological systems 


Free-radical reactions are an integral part of the chemistry of living systems. 
Let us consider one example. Animals use food partly for energy. Carbohydrates, 
for example, are converted to glucose, which then can be converted to carbon 
dioxide, water, and energy. 


many steps 


сн. ©, +60, 


glucose 


6 CO; + 6 H;O + 686 kcal/mole 


from sugars and starches 


The oxidation of glucose is not a direct oxidation like combustion. In an animal 
cell, a lengthy series of oxidation-reduction reactions is required for the 
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conversion of glucose to СО, and Н,О. In the final steps of the oxidation, the elec- 
trons needed for the reduction of O, to H,O are supplied by the iron(11) ion. 


cell 


10, +2Н* + 2 Ее?* НЊО +2Ее?* 


А key structure in this process is а hydroquinone (a dihydroxybenzene), а 
type of compound that is easily oxidized to a quinone (a dicarbonyl compound). 
Conversely, a quinone is easily reduced to a hydroquinone. The following equation 
depicts the reversible oxidation-reduction reaction between the simplest members 
of these classes, hydroquinone and quinone. 


an oxidizing agent 


Á 
OH y O 
y 
IEEE 
[H] 
ОН \ О 


hydroquinone \ quinone 
a reducing agent 


The iron(II) ion in cells is regenerated from the iron(III) ion by reaction 
with a hydroquinone. The product quinone, which is found in all cells, is called 
coenzyme О, or ubiquinone (for “ubiquitous quinone "). The ring of ubiquinone is 
substituted with two methoxyl groups (СН,О——), a methyl group, and a long 
alkenyl hydrocarbon chain (R) that varies with the source (yeast, mammals, etc.). 


OH О 
CH;O CH; CH;O CH; 
+2 Ее ——— +2H* +2Ее?* 
СНзО R CH;O R 
OH О 
dihydroubiquinone ubiquinone 


(coenzyme Q) 


The conversion of one Ее? * ion to Fe? * is a one-electron change. The action 
of dihydroubiquinone depends upon the ability of a hydroquinone to lose a single 
electron ata time, the intermediate being a relatively stable semiquinone free radical. 


OH 
= кН 
EN -e 
OH OH 


semiquinone 


a free radical 


STUDY PROBLEM 


6.10. The semiquinone free radical is resonance-stabilized. Draw the resonance structures. 


n 
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Let us now consider an example of undesirable free-radical reactions in 
living systems. Certain types of radiation (x, В. and у radiation, and x-rays) are 
called ionizing radiations and are known to damage living cells by causing mole- 
cules to cleave into 1ons and free radicals. These cleavages can cause cellular 
damage by one of two routes: (1) direct destruction of cellular components, or 
(2) formation of radicals or ions that undergo abnormal reaction with other cellular 
components. 

The nucleic acids are compounds that we will discuss in Chapter 16. These 
compounds carry the genetic code and, in this capacity, are responsible for cellular 
multiplication, reproduction of an organism, and the biosynthesis of proteins. 
When exposed to radiation, the nucleic acids are subject to depolymerization— 
that is, fragmentation of large molecules into smaller molecules. Mitotic (repro- 
ducing) cells are more vulnerable to radiation-caused damage than other cells. 
This fact is used to advantage in radiation treatment of cancer; cancer cells, which 
reproduce at an abnormally high rate, are more susceptible to radiation damage 
than are normal cells. 


C. Oxygen as a free-radical reagent 


Molecular oxygen is different from the compounds we have been studying so far 
because a stable molecule of O, in the ground state has two unpaired electrons; 
oxygen is said to be a diradical. The structure of О, cannot be adequately explained 
Бу valence-bond formulas because one pair of 25 electrons is in an antibonding 
orbital. Ап orbital diagram 15 shown in Figure 6.3. For our purposes, we will 
represent molecular oxygen as :O—O: or simply О,. 


Я = Nore orbital filling by Hund's rule. 
^ ^ "RD 


z* , | д* 
Mec BÉ —— — — 2p 
| | 
= 1, Du = 
"ns 
DN: 
"a. ——32s 
N 
G r. 
atomic orbitals of O molecular orbitals of O, atomic orbitals of O 


FIGURE 6.3. Orbital diagram for О.. The lower-energy с and c* orbitals arise from the 
two 2s atomic orbitals of O. Two 2patomic orbitals overlap to form a higher-energy 
c orbital. Each oxygen atom in О, also has a pair of unshared electrons in a 7 orbital 
(from a 2p orbital) and one unshared electron in a z* orbital. 
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Oxygen is a stable diradical and therefore is a selective free-radical agent. 
A compound that contains double bonds, allylic or benzylic hydrogens, or tertiary 
hydrogens is susceptible to air oxidation, also called auto-oxidation or autoxidation. 
Compounds with only primary and secondary hydrogens are not as susceptible. 
(From our discussion of free-radical halogenation reactions, the relative reac- 
tivities of these hydrogens should not be surprising.) 

Fats and vegetable oils often contain double bonds. Auto-oxidation of a fat 
yields a mixture of products that includes low-molecular-weight (and foul-smelling) 
carboxylic acids. For example, rancid butter contains the odorous butanoic acid. 

Linseed oil and other vegetable oils, which contain many double bonds, are 
used as drying oils in paint and varnish. These compounds are purposely allowed 
to undergo air oxidation because the molecules join together, or polymerize, into 
a tough film on the painted surface. 

Auto-oxidation initially leads to hydroperoxides, compounds containing 
the —OOH group, which are readily converted to mixtures of alcohols, ketones, 
and other products. Because mixtures are the usual result, auto-oxidation is 
rarely used as an organic synthetic technique. 


Auto-oxidation: 
6110555005 === R,COOH — —— mixture of products 
a hydroperoxide 

In the laboratory, a chemist is most likely to encounter auto-oxidation 
products as undesirable impurities in ethers and aldehydes. In ethers, the carbon 
adjacent to the oxygen is the position of attack. Peroxides of ethers explode when 
heated. For example, diethyl ether is a common laboratory solvent that is purified 
by distillation. Unless the peroxides have been removed prior to distillation (by a 
reducing agent, for example), they will become concentrated in the distilling flask 
as the ether is boiled away. The result could easily be an explosion. 


о 
CH,CH,OCH,CH, +O, ———— CH,CH,OCHCH, 


diethyl ether a hydroperoxide 


The product of aldehyde auto-oxidation is a carboxylic acid, which is formed 
by reaction of the intermediate peroxy acid with the aldehyde. 


| | 
CH,CH +0, CH,COOH 


ethanal peroxyacetic acid 
(acetaldehyde) 


| | | 
CH,COOH + CH,GH ——— 2 CH4,COH 


acetic acid 


STUDY PROBLEM 


When exposed to air, diisopropyl ether forms peroxides at a more rapid rate 
than diethyl ether does. Suggest a reason for this behavior. 
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SECTION 6.7. 


Free-Radical Initiators and Inhibitors 


A free-radical initiator is anything that can initiate a free-radical reaction. The 
action of ultraviolet light to bring about free-radical halogenation is the action of 
an initiator. There are several types of compounds that may be added to a reaction 
mixture to initiate free-radical reactions. These compounds are sometimes 
erroneously called free-radical catalysts. They are not truly catalysts because they 
are often consumed in the reaction. 

Any compound that can easily decompose into free radicals can act as ап 
initiator. Peroxides (ROOR) are one example. They form free radicals easily 
because the КО— ОК bond dissociation energy is only about 35 kcal/mole, lower 
than that for most other bonds. Benzoyl peroxide and peroxybenzoic acid are two 
peroxides that are commonly used in conjunction with NBS brominations. 


О О 
| | 


i 
Ol LO =: Ob 


benzoyl peroxide 


? О 


| ll 
(С) соон p OR + -OH 


peroxybenzoic acid 


As the name implies, a free-radical inhibitor inhibits a free-radical reaction. 
An inhibitor is sometimes referred to as a free-radical “trap.” The usual action of a 
free-radical inhibitor is to undergo reaction with reactive free radicals to form 
relatively stable and nonreactive free radicals. 

An inhibitor used to control auto-oxidation is called an antioxidant, or, in 
the food industry, a preservative. Phenols, compounds with an —OH group 
attached to an aromatic ring carbon, are effective antioxidants. Recall that hydro- 
quinone is a natural storehouse for unpaired electrons (Section 6.6B). The inhibi- 
tory powers of phenols are directly analogous. The free-radical products of these 
compounds are resonance-stabilized and thus nonreactive compared to most 
other free radicals. 


phenol “trapped” 
the simplest of 
the phenols 


Resonance structures of the phenol free radical: 


[yu — бу — & rd — ж 
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The food preservative BHT is a synthetic phenol. (BHA, another preservative, 
is closely related to ВНТ; instead of a methyl group on the ring, BHA has an 
—OCH, group.) A naturally occurring preservative found in vegetable oils, 
especially wheat germ oil, is x-tocopherol, or vitamin E. 


phenol groups 
С(СН)» a н, M сн, 
am CH;CH;CHA;CH, 
CH, 
C(CH3); 
3,5-bis(t-butyl)-4-hydroxytoluene 4-tocopherol 
"Pu (vitamin E) 


STUDY PROBLEMS 


6.12. | Azobisisobutyronitrile (AIBN) is often used as a free-radical initiator because it 
yields free radicals (along with N,) readily upon heating. (a) Write an equation 
with fishhook arrows (~‘) for this thermal decomposition. (b) Suggest a reason 
why AIBN yields free radicals readily. 


"a T 
(CH3),C—N=N—C(CH;), 
AIBN 


6.13. — Arylamines, like phenols, can act as antioxidants. For example, 
N-phenyl-2-naphthylamine is added to rubber articles to prevent free-radical 
degradation of the rubber. Write an equation that shows how this amine can 


function as an antioxidant. 
оо“ 


N-phenyl-2-naphthylamine 


SECTION 6.8. 


Organometallic Compounds 


An organometallic compound is defined as a compound in which carbon is bonded 
directly to a metallic atom (such as mercury, zinc, lead, magnesium, or lithium) or 
to certain metalloids (such as silicon, arsenic, or selenium). 


CH,CH,CH,CH,Li (CH3)4SI CH3;ONa 
n-butyllithium tetramethylsilane (TMS) sodium methoxide 
organometallic organometallic not considered organometallic 


(no carbon-metal bond) 
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Organometallic compounds are named in one of two ways: 
1. They are named as alkylmetals (one word): 
CH,CH,CH.li — (CH,CH;)Pb 


n-propyllithium tetraethyllead 


If the metal is bonded to an inorganic anion as well as to a carbon atom, 
the compound is named as a derivative of the inorganic salt. 


CH;MgBr Opec 


methylmagnesium bromide phenylmercuric chloride 


2. Compounds of silicon and some other metalloids are named as derivatives 


of the hydrides. 
SiH, (CH3);SiH; (CeH5);Si(CH 3); 
silane dimethylsilane dimethyldiphenylsilane 
SECTION 6.9. 


Organomagnesium Halides: Grignard Reagents 


One of the most useful classes of reagents in organic synthesis is that of the organo- 
magnesium halides (RMgX). These compounds are called Grignard reagents after 
the French chemist Victor Grignard, who received the Nobel Prize in 1912 for 
work in this area of organometallic chemistry. A Grignard reagent is the product 
of a free-radical reaction between magnesium metal and an organohalogen com- 
pound in an ether solvent. 


re). te IRS Ne => 1—2 


a Grignard reagent 


The reaction is general and does not depend to any great extent upon the 
nature of the R group. Primary, secondary, and tertiary alkyl halides, as well as 
allylic and benzylic halides, all form Grignard reagents. 


СН + М —— СН, М2 
iodomethane methylmagnesium iodide 
(CH,;);CBr + Мр -—— (CH;);CMgBr 

t-butyl bromide t-butylmagnesium bromide 
(Qarsı Rp e. (Q eive 
benzyl chloride benzylmagnesium chloride 


Aryl and vinylic halides (X on the doubly bonded carbon) are generally quite 
inert toward nucleophilic substitution and elimination. These compounds are not 
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as reactive as alkyl halides toward magnesium, but their Grignard reagents 
may still be prepared. 


Q +Mg —— s (С) 


bromobenzene phenylmagnesium bromide 


an aryl Grignard reagent 


CH,=CHI + Mg —— CH;-—CHMgl 
iodoethene ethenylmagnesium iodide 
(vinyl iodide) (vinylmagnesium iodide) 


a vinylic Grignard reagent 


Organomagnesium halides are unstable unless they are solvated. The 
usual solvent for a Grignard reagent is diethyl ether (CH,;CH,OCH,CH;), 
which is nonreactive toward Grignard reagents, but can donate unshared electrons 
to the empty d orbitals of Mg. The ethyl groups provide a hydrocarbon environ- 
ment that acts as the solvent for the alkyl portion of a Grignard reagent. 


CH,CH,  CH,CH, 
SEU 
Q 
GHaCH, саси, 


STUDY PROBLEM 
Which of the following compounds would be a suitable solvent for a Grignard 
reagent? 


(a) CH,CH,CH,CH,CH, (b) CH,OCH,CH,CH, 
(c) (d) O О 
О Uu 


(e) CH ,OCH,CH,CI 


A. Reactivity of Grignard reagents 


What is unique about a Grignard reagent? In most organic compounds, carbon 
carries either no partial charge or a partial positive charge. In a Grignard reagent, 
carbon is bonded to an electropositive element and consequently carries a partial 
negative charge. 


diethyl ether carbon is д — 
on IU ШЫНЫ ша, 


ó+ = 5- 5+ 


It is generally true that a carbon atom bonded to a metallic atom is the more 
electronegative of the two atoms and carries a partial negative charge. An ion 


1 
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with à negatively charged carbon atom is called a carbanion. A carbon bonded 
to a metallic atom therefore has carbanion character. 


sp R 
DESEAN 


N 9- 5+ 
RC: R,C— Metal 
« 
R 9 
has carbanion 
a carbanion 


character 


Carbanions are one of the strongest classes of bases encountered in the 
laboratory. Because a Grignard reagent has a partially negative carbon, (1) it is 
an extremely strong base, and (2) the alkyl or aryl portion of the Grignard reagent 
can act as a nucleophile. We will discuss the action of a Grignard reagent as a nucleo- 
phile here and examine its basicity in Section 6.11. 

The most important reactions of Grignard reagents are those with carbonyl 
compounds. In a carbonyl group (C=O), the electrons in the carbon-oxygen 
bonds (sigma and pi) are drawn toward the electronegative oxygen. The carbon 
of the carbonyl group, which has a partial positive charge, is attacked by the 
nucleophilic carbon of the Grignard reagent. The following equations show how 
Grignard reagents undergo reactions with ketones. (Note that these reactions are 
not free-radical reactions. When a Grignard reagent attacks a carbonyl group, the 
electrons move in pairs, not singly.) 


Reactions of RMgX with ketones: 


i ds ИСХ 
General: R—C—R + R—MgX ——— К-С К 


WS Ma "i 


? O- *Mgl 
CH,CCH, + CH,—Mgl —— тщ С, 


ргорапопе 


(acetone) єн; 
O^ *MgBr 
= +©ЄнүСнН,— Мез С 
CH;CH; 


cyclohexanone 


The product of the reaction of RMgX with a ketone is the magnesium salt 
of an alcohol. When treated with water or aqueous acid, this magnesium salt yields 
the alcohol and a mixed inorganic magnesium salt. The hydrolyzed product of the 
reaction of a ketone with a Grignard reagent is a tertiary alcohol. 


:0:- "MX :OH 
ба | 
a ees ea в——* Ки ү К + МР? * +Х- 
R’ R’ 


a 3° alcohol 
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The two steps of a Grignard reaction are usually combined into one equation: 
О OH u 


| - 
CH,CCH, (1) CH, Mel 


| 
Q) H,0. H* СЕ 
acetone 


CH; 
t-butyl alcohol 


Not only ketones, but almost all compounds containing carbonyl groups 
(aldehydes, esters, carbon dioxide, etc.) undergo reaction with Grignard reagents. 
For this reason, Grignard reactions are invaluable to the synthetic organic 
chemist for building up complicated carbon skeletons from simpler skeletons. 
Some examples of reactions of Grignard reagents with aldehydes to yield secondary ' 
alcohols follow: 


1 
Reactions of RMgX with aldehydes: | 
О ОН 
| (1) R MgX | 
General: RCH NU а RCHR' 
CNN О. H 
an aldehyde а 2 alcohol 
О OH 
| (1) CH,Mgl | 
CH,CH =“ CH,CHCH, 
(2) Н,О, H 
ethanal 2-propanol 
(acetaldehyde) (isopropyl alcohol) 
i |» 
С.Н, МРЕВ 
сн. бон к ОЕ єн,єн,сн—(Сў 
(2) H,O, H 


propanal 


I-phenyl-1- | 
(propionaldehyde) i 


An exception to the general rule that a Grignard reaction with an aldehyde 
yields a secondary alcohol is the reaction of formaldehyde. This aldehyde yields a 
primary alcohol in the Grignard reaction. 


О 
[| (1) RMgX 
General: HCH =_= ВОО 
(2) HO. H 
methanal al alcohol 


(formaldehyde) 


The reaction of a Grignard reagent with carbon dioxide (often as dry ice) 
does not yield an alcohol but a magnesium carboxylate salt. The magnesium salt is 
insoluble in the ether solvent used in a Grignard reaction; therefore, only one of the 
two pi bonds of CO, reacts. Treatment of the insoluble magnesium salt with 
aqueous acid liberates the carboxylic acid. 


Step 1: ‘D=CLO. (мех ere о *MgX 


R 


a carboxylate 
(insoluble in ethers) 
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Step 2: о о 


| | 
RCO” 'MgX + Н RCOH + Mg?* +X- 


a carboxylic acid 


Table 6.2 summarizes the Grignard reactions that we have mentioned here. 


TABLE 6.2. Some products from Grignard syntheses? 


Carbonyl compound ET. ЧЕРЧЕ 
(2) н.о. Н 

о 
c RCH,OH а 1° alcohol 

о OH 
R'CH m a 2^ alcohol 

о OH 
uM = R” a 3° alcohol 

R 

CO, RCO,H a carboxylic acid 


* Other Grignard reactions will be discussed in Sections 7.16B, 11.13, 13.3C, and 13.5C. 


SAMPLE PROBLEM 


A chemist (a) treats iodobenzene with magnesium metal and diethyl ether; 
(b) adds acetone; and finally, (c) adds a dilute solution of НСІ. Write an 
equation to represent each reaction. 


Solution: (а) С.Н. + Mg ЧИ, Cg Mg] 


i a 
(b) CH,CCH, + C,H,Mgl CR, 
C,H; 

ОМг1 он 


| 
(с) (СН,).СС;Н; + Н (CH4),CC4H; 4- М=?* PEUT 


STUDY PROBLEM 


6.15. Suggest a Grignard synthesis for 1-cyclohexyl-1-ethanol starting with 
bromocyclohexane and an aldehyde. 


в. 
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SECTION 6.10. 


Other Organometallics 


Grignard reagents are but one type of a large number of useful organometallic 
compounds. Lithium reagents, another type of organometallic compound, are 
prepared by the reaction of lithium metal with an alkyl halide in a hydrocarbon or 
ether solvent. 


General: RX DE R—Li + Lix 


an alkyllithiam 


CH4CH;CH,Br SF 2 Li > СН.СН.СН 1 F LiBr 


‚ 1-Бготоргорапе n-propyllithium 
(n-propyl bromide) 


A lithium reagent is similar to a Grignard reagent in many ways and under- 
goes similar reactions. However, the C— Li bond has more ionic character than 
the C— Mg bond because lithium is more electropositive than magnesium. Lithium 
reagents are more reactive as nucleophiles than Grignard reagents because the 
carbon involved in a C— Li bond is more negative. 


О ОН 
| (D) RLi | 
General: R—C— = == ae, | || 
(2) H,O. H | 
a ketone R’ 
a 3° alcohol 
O 


| Е. 
CH3;CH,CH,CCH,CH, + CH;CH,CH,—Li ——— 
QUEM CC dfe _ 
3-hexanone 


O7 Lit OH 


+ | 
сн,сн.сн,ссн.єн, IM CH,CH,CH,CCH.CH, 


CH,CH,CH; CH;CH;CH; 
4-ethyl-4-heptanol 


Lithium dialkylcopper reagents, also called cuprates, are synthesized from an 
alkyllithium and a copper(I) halide, such as Cul. 


2 CH ghig Cul > MCHA ОИ E 


a cuprate 


These reagents are especially useful in synthesizing unsymmetrical alkanes 
of the type R—R’, where R comes from the cuprate and R’ from an alkyl halide. 
Best yields are obtained when R’X is a primary alkyl halide, but the R group in 
R,CuLi can be almost any alkyl ог aryl group. 

General: СШ + Жк =” R—R' 


a cuprate а Г alkyl halide an unsymmetrical 
alkane 
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Li Cul 


(CH 9, CHBr (GE Өн ЦЕНУ Е-Е 
2-bromopropane a cuprate 
CH,CH,CH,Br 


(CH43),CH— CH;CH ;CH; 


2-methylpentane 


i Cul ; 
cR OS 
bromocyclohexane a cuprate 
CH,I 


methylcyclohexane 


STUDY PROBLEM 


6.16. Suggest syntheses for 
(a) {У снсн:сн, (b (CH,4CCH,CH,CH, 
from compounds containing six or fewer carbon atoms. (There may be more than one 
correct answer.) 

SECTION 6.11. 


Reaction of Organometallics with Acidic Hydrogens 


We have shown how some organometallic compounds can act as nucleophiles. 
Many organometallic compounds, such as Grignard reagents and lithium 
reagents, are also extremely strong bases. A hydrogen that can be abstracted from 
a compound by a Grignard reagent is said to be an acidic hydrogen in relation to 
the Grignard reagent. Grignard reagents and lithium reagents undergo rapid 
reaction with compounds that have acidic hydrogens, yielding hydrocarbons and 
metal salts. 


ő- es .. 
R— Мех + HCÓH ВН + XMgOH 


é- oe m 
R— Li + HÖH RH + ЦОН 


Grignard reagents and lithium reagents are stronger bases than “ОН, 
СОК, NH;.or ВСЕЕС`. Therefore, the type of hydrogen that is acidic toward 
RMgX or RLi is any H bonded to oxygen, nitrogen, or an sp-hybridized carbon. 
(The reasons why КС=СН can lose a proton will be discussed in Chapter 9.) 

Some structures that contain hydrogens acidic toward КМЕХ or КИ: 


HOH H,NH ArOH 
ROH R,NH RCO,H 
RC—OB 
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SAMPLE PROBLEM 


What are the products of the reaction of methylmagnesium iodide with each of 
the seven structures shown that contain acidic hydrogens? 


Solution: — CH,Mgl + H,O — —5 CH) + Ом 
CH,Mgl + ВОН = «СН + КОМЕ 
CH,Mgl + ВСЕСН $ CH, + ВСЕСМИ 
CH,Mgl 4 NH, —— СН. + NH,Mel 
CH,Mgl +R,NH  ———— CH, +R Noel 
CH,Mgl +ArOH ——> CH, + ArOMgl 


CH,Mgl + RCO,H -——— CH, + RCO,Mel 


The principal ramifications of the reactivities of RMgX and RLi toward 
acidic hydrogens are that: (1) water, alcohols, and other compounds with acidic 
hydrogens must be excluded from a Grignard or lithium reaction mixture (unless 
an alkane is the desired product), and (2) the presence of certain functional 
groups in an organohalogen compound precludes the formation of stable Grignard 
or lithium reagents. 


SAMPLE PROBLEM 
A student maintains that a Grignard reagent undergoes reaction with water to 


yield an alcohol. What is wrong with this statement? 


Solution: The carbon of the Grignard reagent is partially negative and 
undergoes reaction with a positive group (such as Н * ), not with a negative 
group (such as OH). 

R—H + XMgOH 


å- ô+ 


КЭ Mex + —OH 
Sect ә) 
R—OH + HMgX 


does not occur 


STUDY PROBLEMS 


6.17. Which of the following compounds could not be used to prepare a Grignard 
reagent? Explain. 


Dido Br 
(а) CH,CHCH,CH,Br (b) ( Ув © 
О 


| 
(d) BrCH,COH (е) CH,;C=CCH,CH,I 


6.18. Suggest reagents for the following conversion: 


CST. == 
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SECTION 6.12. 


Synthesis Problems 


Organic chemists often synthesize compounds in the laboratory. The syntheses 
may be simple and straightforward (for example, the preparation of a particular 
simple alcohol for a rate study), or they may be very involved (for example, the 
laboratory synthesis of a complex biological molecule). Even if you do not 
become a laboratory chemist. designing synthetic schemes on paper is a valuable 
хау to learn to think in the language of organic chemistry. 

In this text, vou will encounter many synthesis problems: problems in which 
you are asked to show by equations how you would prepare a particular com- 
pound. In some of these problems (but not all), a starting material will be specified. 
Often, there will be more than one correct solution to a synthesis problem. How- 
ever, only one correct answer to each synthesis problem is usually given in this 
text or the accompanying study guide. If your answer is significantly different from 
the one given, you should verify its correctness with your instructor. 

The synthesis problems posed in this text are not intended to be valid in a 
laboratory sense. The solution to a true laboratory synthesis problem would 
include a complete search of the chemical literature to see if a particular compound 
or sequence of reactions has already been studied by other chemists. Then, various 
possible pathways to the desired compound are drawn up. Each pathway is 
evaluated from a practical laboratory standpoint (likelihood of success, cost in 
terms of reagents and time, availability of starting materials, hazards, etc.). Of the 
various proposed pathways, one is selected. Finally, the synthetic sequence is 
tested in the laboratory. In solving synthesis problems in this text, you need 
consider only reactions or reaction sequences that are reasonable, based on the 
information previously presented in the text. 


A. Solving synthesis problems 


The following suggestions may help you answer synthesis problems correctly. 


1. А typical study problem gives the reactants and asks for the product or 
products: 


DELI LL LONE 


In synthesis problems, the reverse question is asked: Given the product, 
what are the reactants? 


vM > (С 


Thus, as you study organic reactions, you must learn them both ways. 
You must be able to answer such questions as ‘‘ What reactions yield 
alcohols?" as well as “Тһе reaction of a Grignard reagent with 
formaldehyde yields what?" 


2. Use only reactions that give the product in reasonable yield. If one 
reaction gives 100% of the desired product, use that reaction. However, if 
no such reaction is available, use a reaction that gives 50 or 60% yield. Do 
not use reactions that give very low yields (under 25%). 
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Most syntheses in the laboratory (and many synthesis problems in this book) 
require more than a single step from commercially available starting materials to 
desired products. When confronted with a synthesis that will require two or more 
steps and a reaction sequence is not immediately evident, do not choose a likely 
starting material and try to convert it to the product. Instead, start with the 
product and work backwards, one step at a time, to the starting material. This pro- 
cedure, called retrosynthetic analysis, is best explained with an example. 


propene from a nondeuteriated hydrocarbon, standard inorganic reagents, and 
appropriate solvents. 


1: 
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It is acceptable to use flow equations, with reagents and reaction 
conditions above or below the arrows. This technique, while not necessary 
with a one-step synthesis, saves considerable time in writing the solutions 
to multistep syntheses. 


Anc Spa ev 
100° 
Unless you are asked to do so, you need not balance equations nor 


indicate minor products. 


If the text shows a reaction of a simple compound, you may usually 
extrapolate the reaction to more-complex, but similar, structures. 


Example: 


О 


| (1) CH,Mgl 
= 


CH,CCH, уро (CHs)sCOH 


This reaction may be extrapolated to other ketones and Grignard reagents. 


OH 
|| (1) ( )-ма | 
CH,CH;GCH;OH; banoa n" енен сен дани 


In a synthesis problem, do not be intimidated by the complexity of a 
structure, but focus your attention on the functional groups. Inspect the 
structure for its important features and worry only about the small portion 
that undergoes reaction. When you have a larger vocabulary of organic 
reactions, you will want to inspect a complex structure for other 
functional groups that might also undergo reaction under the same 
conditions. 


Multistep synthetic problems 


Example. Show by flow equations how you would prepare 3-deuterio-1- 


Write the structure of the product. 


CH,=CHCH,D 


ғә 


л 
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Consider, not a possible starting hydrocarbon, but а reaction that leads 
directly to this given product. A Grignard reagent, treated with D,O, is a 
way to introduce deuterium into а structure. Write the equation for this 
reaction. 


D,O 
CH.—CHCH,MgBr —— CH,—CHCH,D 


Next, what reagents are needed to prepare the allyl Grignard reagent? 
(Again. vou are working " backwards." ) 


Mg 
diethyl ether 


CH,=CHCH;Br CH,=CHCH,MgBr 


Finally, what reaction could be used to prepare allyl bromide? 


CH,=CHCH, 8% 


CH,—CHCH,Br 


Because we have worked our way backwards to a nondeuteriated 
hydrocarbon, we have solved the problem. The answer is now written 
forward. rather than backwards. 


NBS Mg 
CH,—CHCH,Br = 


diethyl ether 


CH,—CHCH; 


0,0 
CH,—CHCH,MgBr =, CH,=CHCH,D 


Example. Show how you could convert diphenylmethane to diphenyl- 


methanol. 


b. 


Write the structures. 


О-О — O-O 


Consider the starting material and the product. They have the same carbon 
skeleton and differ only by an OH group at the benzylic position. Your 
first question should be: **Is there a one-step reaction that converts а 
benzylic Н to a benzylic OH?' The answer is “no”; therefore, more than 
one step will be necessary and the problem should be approached by 
retrosynthetic analysis. 


Consider the product and ask, " What reactions yield alcohols?" At this 
point, you have been presented with only two: substitution reactions of 
alkyl halides and Grignard reactions of carbonyl compounds. A Grignard 
reaction can be ruled out in this case because the starting material and the 
product have the same carbon skeleton. Thus, a substitution reaction must 
be used. 


Your next question should be: `` What halide and what nucleophile would 
I need to obtain the desired product?" The answer is: 


X OH 


| : | 
Ciencia, — + CAOC Wire X = СІ, Br, orl 
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S. Тһе synthesis has now been simplified to the conversion of C,H;CH,C,H, 


X 


The logic process is now repeated. “Is there a one-step reaction by 
which a benzylic Н can be converted to Br, Cl, or I?" For Br and Cl, the 
answer is “ yes." There are a number of reactions that will work: 
free-radical chlorination or bromination, or an NBS bromination. 
Choosing bromination, for example, we can write the equation: 


Br 


B | 
OMe CO Ul ООО 


6. Combine the equations into a final synthetic sequence. 


Br OH 
Вг, | OH- | 
C,H;CH,C,H; и C,H;CHC,H; ш >= C,H;CHC,H; 


STUDY PROBLEMS 


6.19. Show how you would make the following conversions. Use any reagents or 
other starting materials required. 


(a) diphenylmethane to 1,1-diphenyl-2-propanol 
(b) toluene (methylbenzene) to C,H,CH,OCH, 


(с) ZOR to ORS 


6.20. Suggest syntheses for the following compounds from organic compounds 
containing six or fewer carbon atoms and any other required reagents: 


(a) 3,5-dimethyl-3-hexanol (b) cyclohexylmethanol 
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Summary 


A free radical is an atom or group of atoms with an unpaired electron. Free- 
radical reactions are chain reactions that involve initiation (formation of free 
radicals); propagation (reactions in which new free radicals are formed); and 
termination (coupling, disproportionation, or the formation of stable free radicals). 
Racemization occurs at a reacting, resolved, chiral carbon during a free-radical 
reaction. 

The order of reactivity of H's toward free-radical abstraction is CH, « 
1° « 2° < 3° < allylic or benzylic. The order of reactivity is the result of the 
relative stabilities of the free-radical intermediates. 

Cl, is more reactive and less selective than Br, in free-radical halogenations. 
N-Bromosuccinimide (NBS) is a selective brominating agent for allylic and 
benzylic positions. l 

Ch 
| hv 
се па А 


Вг. 


Lxx xk —' GH,CHORCH, t б 


GHICBGIGHS + CH;CH,CH,CI + HCI 


CH,—CHCH, `8. CH,=CHCH,Br 


(Qoo Е {Оусньк 


Other free-radical reactions besides halogenation include pyrolysis, а 
thermal free-radical decomposition of organic compounds; the biological re- 
duction of О, ; and auto-oxidation, a free-radical oxidation by О, that results in 
decomposition of fats, oils, rubber, ethers, and aldehydes. 

Free-radical initiators are substances that cause the formation of free radicals. 
Ultraviolet light and peroxides (which contain the easily broken — O—O — bond) 
are examples. Free-radical inhibitors, such as I; or phenols, are substances that 
form nonreactive free radicals. 

Organometallic compounds are compounds that contain a carbon- metal 
bond. A Grignard reagent (RMgX) is reactive because of the nucleophilic carbon 
bonded to Mg. (For a summary of some Grignard reactions, see Table 6.2, page 
241.) 


со OMgX OH 
| à- | H;O.H* | 

=0 ку пыли шшш, EE 
с UN | | 
R R 


An alkyllithium reagent (ВТ) undergoes reactions similar to those of 
Grignard reagents. Cuprates (R,CuLi) are used to prepare hydrocarbons. 

Grignard reagents and lithium reagents both undergo reaction with com- 
pounds that contain acidic hydrogens to yield alkanes. 


"im E 
RMgX + H—OH 


RH + HOMgX 


LN 
RLi+ H—OH 


RH + ПОН 
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I SS ——————__ SSS ES = — =— = шө CENNENER. 


STUDY PROBLEMS 


6.21. Write Lewis formulas for (a) СН,СН,О+ апі (b) CH; CH—CH,. 
6.22. Label the following reactions as initiation, propagation, or termination steps: 
(а) (СН; СЕ => (Сн Сс анн: 
i | 
(b) СНСООН —— —— СН.СО- + ОН 


(с) 2CH,CH,CH, 


CH,CH,CH, + CH,CH—CH, 
(d) 2 ЕНЕНЕ: === CH4CH;CH;CH; 
(е) Br X GH, =a — > СВ 


6.23. Write equations for the steps in the free-radical dichlorination of cyclopentane to yield 
1,2-dichlorocyclopentane. 


6.24. If all H's were abstracted at equivalent rates, what would be the ratio of monochlorination 
products of an equimolar mixture of CH;CH,CH; and cyclohexane? 


6.25. List the products that would be obtained from the free-radical monochlorination of each of 
the following compounds. (Do not forget to indicate stereoisomers.) 


(a) (R)-1,2-dichloropropane (Б) (R)-2-chlorobutane 


6.26. Only one monochlorination product is obtained from an alkane with the molecular 
formula C;H,,. What is the structure of the alkane? 


6.27. Rank the following free radicals in order of increasing stability (least stable first): 


(a) CH4CH,C(CH4) (b CH,CHCH, (с) С.Н;СНСН; 
(d) CH,CH—CHCH,CH, (е) C,H,CHCH-—CH, 


6.28. Rank the following hydrocarbons in order of increasing ease of free-radical bromination: 


(а) CH,CH,CH(CH,, (b) CH,CH,CH, (с) C&4H,CH,CH, 


6.29. Draw all the important resonance structures for the following free radicals: 


О 
\ } || 
(а) ( eon (b) (С) enc, (c) {оо 


6.30. In each of the following structures, circle the position (or positions) that you would expect 
to be attacked by a low-energy free radical. Explain your choices. 


CH, 
. "Cx 
(CS 


6.31. 


6.32. 


6.33. 


6.34. 


6.35. 


Study Problems 


CGH: СН 
(© CH CHCH» ài i 
CH CH, 


Complete the following equations, showing only the major organic products: 


(a) Фи. == Вг, ЕЗ. os 


О 


(b) (С)-сњенен, + NBr —L 


О 
OH Т 
(d) x NBr Em mu 
CH,C,H, А 
О 
һу 
N^ “СН 


3 


Suggest a mechanism that explains the following observation. (The * represents an 


isotopic label: !*C.) 


Br Br Br 
* 
* * 
Q NBS ^ В 
ж 


What would be the disproportionation products of (а) CH;CH,CH,CH,°: and 


(b) CH,CHCH,? 


What would be the coupling product for each of the examples in Problem 6.33? 


Predict the В-сІеауаре and disproportionation products of the following free radicals: 


(а) (CHj,CCH,CH;CH, (Ы) C» 
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6.36. 


6.37. 


6.38. 


6.39. 


6.40. 


6.41. 


6.42. 
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Which of the following compounds would form a hydroperoxide (ROOH) readily upon 
exposure to air? 


(a) (Оу асньь (b) C Yo Y (с) О О 


Which of the following compounds are organometallic compounds? 


(а) CH;HgOH (b) (C;H,O)Mg (с) (CH3)3CNa 


Name the following organometallic compounds: 


(а) C&H,Mgl (b CH,CH,CH,MgCl (с) CH,(CH,;.,CH,Li 


Complete the following equations: 


I 
( ) T diethyl ether 
a в 
(b) ( yen diethyl ether, ether 
(c) yes 4 Mg diethyl ether 


Predict the organic products: 


кеше Мр1 

(а) 
(2) H;  QHOH › H* 
о( 


(b) mem |. етер 


(1) CH,CH;MgBr 
а Ф 
(2) HO. Н“ 


- сома 
= ә 
(d) S (2) H,O. H* 


How could you prepare each of the following compounds, starting with 2-bromopropane, 
magnesium, and other appropriate reagents? (а) 2,3-dimethyl-2-butanol ; 
(b) 3-methyl-2-butanol. 


| 
(c) C,H,CH 


(1) Which of the following compounds contain acidic hydrogens that would be removed by 
CH;4Mgl? (2) Write equations showing the products (if any) of these reactions, assuming 
that an excess of CH,Mgl is used. 


(а) C,H,CECCH, (b HOCH,CH,OH 
CO,H 


(c) (CH;CH,),NH (d) HO,C—CH—CO,H 


6.43. 


6.44. 


6.45. 


6.46. 


6.47. 


6.48. 


6.49. 
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Complete the following equations, showing all principal products: 


(a) (wu —— 
(b) (С) -сн.сн,со,- E o 
(с) C cus NH 


Starting with any organic halide of four carbons or less, suggest a method for the 
preparation of each of the following compounds: 


(а) СН.СН.СН.СН.СН, (b) CH,(CH,),CH; 

(с) (CHj3.CHCH;CH;CH;CH; (d) СН,=СНСН,О 

(e) CH;CHDCH, (f) (СН.),СНСН,СН=СН, 

The free-radical bromination of C;H,CH;D with Br, shows a kinetic isotope effect. Suggest 


a reason for the fact that, if HBr is removed from the reaction mixture as soon as it 15 
formed. the isotope effect is even greater. 


Explain why Compound (а) decomposes to free radicals about 75 times faster than (b). 
PS M 
(a) Rau e сони 


CH; CH, 


CN CN 
(b) ees rere ee 
СЕ, CH; СН, СН, 
A chemist treated СН.СН=ФСНСН,( with magnesium in anhydrous ether and then added 


acetone (propanone). After hydrolysis, instead of a single alkenyl alcohol as a product, the 
chemist obtained two alcohols. What are the structures of the two alcohols? 


The aqueous electrolysis of salts of carboxylic acids (called the Kolbe electrolysis) yields 
carbon dioxide and hydrocarbons by a free-radical path. What would be the products of the 
electrolysis of sodium acetate (СН.СО, Ма)? 


Reaction of ethylsodium with (R)-2-chlorooctane yields (R)-3-methylnonane. 


(a) Has the chiral carbon been inverted? 


(b) Drawatransition-state structure that would explain the observed stereochemistry. 


Upon free-radical bromination, n-pentane yields almost exclusively two monobromo 
compounds, А and B. Upon treatment with NaOCH, under E2 conditions, А and B yield 
predominantly the same product, C. What are the structures of A, B, and C? 
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6.51. Suggest one (or more, if possible) synthetic route to each of the following alcohols, starting 
with an organic halide and other needed organic reagents: 


CH,OH 
Us НО. СН, 
(a) (СН».ССНСН, (b) (c) CO 
"ug T 
(d) cmene ) (e) сну.снсн— ) (f) (СЬН.),СОН 
CH; 


6.52. Show how you would synthesize the following compounds from the suggested starting 
materials. Use any reagents or other starting materials necessary unless otherwise specified. 


600 — 000 


- 0 — от 


|| | 
© CH,CH—CHCH, ——— CH,COCH,CH=CHCH,OCCH, 
он 


| 
(d СоН5СН,СНСН. ———~ Cj,H;,CH—CHCH;CHCH,; 
(Also show the structure of the principal by-product, if any.) | 


(е) СН5СН, (as the only organic reactant) ———~> C,H;CH,CH,C,H; 


о ОХ — 
CH;CH;CH, 


(Hint: Consider the Kekulé formulas of the product.) 


| 


СНАРТЕК 7 


Alcohols, Ethers, and 
Related Compounds 


Icohols (ROH) and ethers (ROR) are so much a part of our everyday lives 

that even laymen are familiar with the terms. Diethyl ether (ether) is used 
as an anesthetic. Ethanol (ethyl alcohol, grain alcohol, or just ** alcohol") is used 
in beverages. 2-Propanol (isopropyl alcohol, or rubbing alcohol) is used as a 
bacteriocidal agent. Methanol (methyl alcohol, or wood alcohol) is used as an 
automobile gas-line antifreeze. In the laboratory and in industry, all these com- 
pounds are used as solvents and reagents. 

In this chapter we will discuss alcohols, ethers, and epoxides (which are a 
special type of ether). We will also briefly mention phenols and some sulfur 
analogs of alcohols and ethers. 


О 


V S 
CH,CH,OH (Оу он CH,CH,OCH,CH, |= CH,CH—CH, 
ethanol phenol diethyl ether propylene oxide 
an alcohol a phenol an ether an epoxide 


SECTION 7.1. 


Bonding in Alcohols and Ethers 


The bonding in alcohols and ethers was mentioned in Chapter 2. Both types of 
compounds have bonding similar to that in water. In all three cases, the oxygen is 
in the sp?-hybrid state. Two of the sp? orbitals of the oxygen atom are bonded to 
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other atoms, and the remaining two orbitals are filled with two electrons each (see 
Figure 2.20, page 63). 


О 10) PENES 
ES 7 м pos 
H R H R R 


water an alcohol an ether 


2 


Alcohols and ethers аге composed of polar molecules. In either type of 
compound, the oxygen carries a partial negative charge. However, an alcohol 
molecule is more polar than an ether molecule. The reason for this is that hydrogen 
is more electropositive than carbon, and therefore an O—H bond is more polar 
than an O—R bond. The dipole moments of the following compounds show de- 
creasing polarity in the series Н,О, КОН, and ROR. 


ò- ò- ô- 
О О О 
ó*/ \5+ (7 Ne OHA N+ 
H H Н.С Н Н.С GH; 
E 1.8 D ЛӨ 13 р 


Ethers can be either open-chain or cyclic. When the ring size (including the 
oxygen) is five or greater, the chemistry of the ether may be extrapolated from that 
of open-chain counterparts. (There are some differences in rates of reaction be- 
cause the oxygen in a cyclic ether is less sterically hindered— its alkyl substituents 
are tied back in a ring.) Epoxides contain three-membered ether rings. Epoxides 
are more reactive than other ethers because of ring strain. 


Some cyclic ethers: 


eek S's 


он; = CH; O 
ethylene oxide tetrahydrofuran 1.4-dioxane 
an epoxide THF 


SECTION 7.2. 


Physical Properties of Alcohols and Ethers 


A.  Boiling points 


Because alcohols can form hydrogen bonds with other alcohol molecules, they 
have higher boiling points than alkyl halides or ethers of comparable molecular 
weights. Table 7.1 compares the boiling points of some alcohols and organic 
halides with the same carbon skeletons. 


B. Solubility in water 


Alcohols of low molecular weight are miscible with water, while the corresponding 
alkyl halides are water-insoluble. This water solubility is directly attributable to 
hydrogen bonding between alcohols and water. 
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TABLE 7.1. Comparison of the boiling points ot some alcohols and chloroalkanes 


Alcohol Вр.°С Chloroalkane Вр. С 

CH,OH 64.5 CH;CI —24 

CH;CH.OH 78.3 CH;CH;Cl 13 

CH;CH;CH;OH 972 СН.СН.СН,С! 46 

HOCH:CH:OH 197 СІСН.СН.СІ 83.5 
e 

НОСН.СНСН.ОН 290 CICH;CHCICH;CI 157 


The hvdrocarbon portion of an alcohol 1$ hydrophobic—that is, it repels 
water molecules. As the length of the hydrocarbon portion of an alcohol molecule 
increases, the water solubility of the alcohol decreases. When the hydrocarbon 
chain is long enough. it overcomes the hydrophilic (water-loving) properties of the 
hydroxyl group. The three-carbon alcohols, 1- and 2-propanol. are miscible in 
water, while only 8.3 grams of 1-butanol dissolves in 100 grams of water. (These 
solubilities are summarized in Table 7.2.) 

Branching increases water solubility. Although 1-butanol is only slightly 
soluble, t-butyl alcohol, (СН). СОН, is miscible with water. The reason for this 
is that the t-butyl group is more compact and less hydrophobic than the n-butyl 
group. Ап increase in the number of OH groups also increases hydrophilicity 
and solubility. Sucrose (table sugar. page 838) has twelve carbons, but it also has 
eight hydroxyl groups and is readily soluble in water. 

Ethers cannot form hydrogen bonds with themselves because they have no 
hydrogen attached to the oxygen. However, ethers can form hydrogen bonds with 
water, alcohols, or phenols. Because of hydrogen bonding with H,O, the solu- 
bilities of the four-carbon compounds diethyl ether and 1-butanol (Tables 7.2 and 
7.3) are about the same. 


C. Solvent properties 


Water 15 an excellent solvent for ionic compounds. The OH bond 1s polar and 
provides the dipole necessary to solvate both cations and anions. Alcohols 
also can dissolve ionic compounds, but to a lesser extent. (Ethers cannot dissolve 


TABLE 7.2. Physical properties of some alcohols 


Density. Solubility 
IUPAC name Trivial name Formula Bp,^C дсса 0С in H,O 
methanol methyl alcohol СН,ОН 64.5 0.79 с 
ethanol ethyl alcohol CHCH OH 78.3 079 di 
l-propanol propyl alcohol CH;CH;CH;OH 97.2 0.80 ӨЗ 
2-propanol isopropyl alcohol (СН;),СНОН 521538 079 оз 


]-butanol butyl alcohol CH;(CH;),0H 117 0.81 8.3 © 100 сс 
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TABLE 7.3. Physical properties of some ethers and epoxides 


Density, 


Name Formula Вр, С g/cc at 20°С 
dimethyl ether CHOCH, —24 gas 
diethyl ether CH;CH;OCH;CH,; 346 071 
tetrahydrofuran ( S \ 66 0.89 
О 
LUN 

oxirane CHECHE 13.5 0.88 (at 10°) 

(ethylene oxide) 

/ N 

methyloxirane CH,CHCH, 34.3 0.86 

(propylene oxide) 


TABLE 7.4. Solubility of sodium chloride in water and in some alcohols 


Dielectric Solubility of NaCl, 


Solvent ` constant 9:100 cc at 25°С 
H,O 78 36.2 

CH;,OH 52 1.4 
CH,CH;OH 24 0.06 

CH CH CH OH 20 0.01 


Solubility 
in H0 


pa 
8 g,100 сс 


8 


8 


ionic compounds.) Table 7.4 lists the solubility of sodium chloride in water and in 
a few alcohols. Note that the solubility of NaCl decreases as the hydrocarbon 


chain of the alcohol increases in length. 


SECTION 7.3. 


Nomenclature of Alcohols and Ethers 


A. IUPAC names of alcohols 


The IUPAC names of alcohols are taken from the names of the parent alkanes, 
but with the ending -ol. A prefix number, chosen to be as low as possible, is used 


if necessary. 
TE 
CHOH CHCH CH OH CH,CHCH, 
IUPAC: methanol 1-ргорапо! 2-propanol 


ә 


"ul 
. 
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More than one hydroxyl group is designated by di-, tri-, etc., just before the 
-ol ending. 


я 
CH,CHCH,CH,OH 


1.3-butanediol 
a diol 


STUDY PROBLEMS 


Name the following compounds: 
OH OH 


| 
(а)  (CHi;CHCHCH(CHj». (b) 
OH 
CH; 


Write the structures for (a) 3-ethyl-3-methyl-2-pentanol, and 
(b) 2.2-dimethyl-1.4-hexanediol. 


A hydroxyl group is often found in a molecule that contains other functional 
groups. In the IUPAC system, the numbering and the suffix in the name of a multi- 
functional compound are determined by nomenclature priority (Section 3.3N). 


О О 
N A ll || 
— Е. —Х. etc. Pts —OH  —C—  —CH  —CO,H 


increasing nomenclature priority 


Carboxylic acids, aldehydes, and ketones have higher nomenclature priority 
than the hydroxyl group; one of these groups receives the lowest nomenclature 
number and is also given the suffix position in the name. The lower-priority OH 
group is then named by the prefix hydroxy-, as may be seen in the following 
examples: 


TA i T 
| 
CH;CHCOH HOCH,CH,CH HOCH,CH,CCH, 
2-hvároxypropanoic acid 3-hydroxypropanal 4-hydroxy-2-butanone 
(lactic acid) 


In a compound that contains an OH group and also has a double bond ora 
group usually named as a prefix, the hydroxyl group has the higher nomen- 
clature priority. In these cases, the OH receives the lowest prefix number and is 
given the -o/ ending. Note in the following examples how a double-bond suffix is 
inserted into the name of an unsaturated alcohol. 
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CI 
Cl == 
OH CH,=CHCH,CH,OH chy {on 
3,3-dichloro-t-cyclohexanol 3-Бшеп-1-о1 1-methylI-2-cyclohexen-1-ol 


STUDY PROBLEM 
7.3. Мате the following compounds by the IUPAC system: 


(a) (он (b) Ho )=о (c) BrCH,CH,0H 


B. Trivial names of alcohols 


Just as CH 4I may be called methyl iodide, CH OH may be called methyl alcohol. 
This tvpe of name is a popular way of naming alcohols with common alkyl groups. 


(CH3);COH (CH;),CHOH 


t-butyl alcohol isopropyl alcohol 


A diol (especially a 1,2-diol) is often referred to as a glycol. The trivial name 
for a 1,2-diol is that of the corresponding alkene followed by the word glycol. | 
Epoxides and 1,2-dihalides are often named similarly. The naming of a saturated 
compound as a derivative of an alkene is unfortunate; however, the practice 
arose quite innocently in the early years of organic chemistry because all these 
compounds can be prepared from alkenes. 


OH OH Br Br 
| | | A 
CH=CH, GLIP CH, GHIS GH; CH;—CH; | 
IUPAC: ethene 1 2-ethanediol 1.2-dibromoethane oxirane 
trivial: ethylene ethylene glycol ethylene dibromide ethylene oxide 


C. Classification of alcohols 


Alcohols, like alkyl halides, may be classified as methyl, primary, secondary, or 
tertiary, as well as allylic or benzylic. 


CHOH  CH,CH,OH  (CH,,CHOH  (CH,,COH 


methyl 18 2 B 
x 
CH,CH 2CHCH,OH (С) снен, 
an allylic alcohol a benzylic alcohol 


(and 1°) (and 2*) 
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D. Ethers 


Simple open-chain ethers are named almost exclusively by their trivial names, 
as alkyl ethers. 


CH,CH.OCH.CH,  (CH,&,CHOCH(CHj,  CH,OCH,CH, 


diethyl ether diisopropyl ether methyl ethyl! ether 
(or ethyl ether. or 
simply ether”) 


The names of more-complex ethers follow systematic nomenclature rules. 
An alkoxy- prefix is used when there is more than one alkoxyl (RO—) group or 
when there is a functional group of higher priority. (Note that a hydroxyl group 
has priority over an alkoxyl group.) 


Ca үч " 
| 
СО аша Dos аниси 


OCH; 


1.2-dimethoxyeyclohexane 1-ѕоргороху-2- $-ethoxy-2-pentanol 
methoxycyclohexane 


In the IUPAC system, epoxides are called oxiranes. In the numbering of these 
rings, the oxvgen is always considered position 1. 


© 
уу NS 
Hi 


CHCH,CH, 


2-ethyloxirane 


C 


SAMPLE PROBLEM 


Name the following compounds: 


H,C 
(а) (СН), СОСН, (Ы) = (с) (d) O 
OH OH 


OH OH 


Solution: (a) t-butyl methyl ether; (b) trans-4-methylcyclohexanol; 
(c) cis-cyclohexene glycol, or cis-1.2-cyclohexanediol: 
(d) 2-hydroxycyclohexanone. 


STUDY PROBLEM 


7.4. Write structures for (a)ethyl phenyl ether; (Ы) 2-butanol; (с) sec-butyl 
alcohol; (d) 2,2-dimethyloxirane. 
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SECTION 7.4. 


Preparation of Alcohols 


We have already discussed two reactions that yield alcohols as products: (1) 
ВХ + ОН (Chapter 5), and (2) Grignard reactions (Section 6.9А). In this section, 
we will present a survey of these reactions plus a few others that are commonly 
used to synthesize alcohols. 


A.  Nucleophilic substitution reactions 


The reaction of an alkyl halide with hydroxide ion is a nucleophilic substitution 
reaction. When primary alkyl halides are heated with aqueous sodium hydroxide, 
reaction occurs by an $42 path. Primary alcohols may be prepared in good yields 
by this technique. Because secondary and tertiary alkyl halides are likely to give 
elimination products, they are not generally as useful for preparing alcohols. 


- ве Ё 
CH,CH,CH,Br + OH- — F5 CH,CH,CH;OH- Вг 
1-Бготоргорапе I-propanol 
а 1° alkyl halide а 1° alcohol 


B. Grignard reactions 


Grignard reactions provide an excellent route to alcohols with complex carbon 
skeletons. A Grignard reaction: 


1. with formaldehyde yields a primary alcohol; 


2. with any other aldehyde yields a secondary alcohol ; and 
3. with a ketone yields a tertiary alcohol. 


These reactions are summarized in Table 6.2 (page 241) and in Table 7.5 (page 
264). 

Some other Grignard reactions also lead to alcohols. The reaction of a 
Grignard reagent with ethylene oxide yields a primary alcohol. This reaction will 
be discussed later in this chapter (Section 7.16). Thereaction of a Grignard reagent 
with an ester leads to a tertiary alcohol. (If a formate ester is used, a secondary 
alcohol is the product.) The reactions of Grignard reagents with esters will be 
discussed in Section 13.5C. 


Some additional Grignard reactions that yield alcohols (see also Tables 6.2 and 7.5). 


I? Alcohols from ethylene oxide: 


О 


9, «Н;МеВ 
(ames opp с ере, e 
(2) H,O. H* 


ethylene oxide 2-phenyl-1-ethanol 
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2? Alcohols trom tormate esters 


О OH from RMgX 
| D 2CH,CH; MgB | “7 
HCOCH, ———— нс- Шш, / 
А () HO, H* Е 


т 4 f ate d 
methyl formate CH;CH; 


3-pentanol 


3° Alcohols trom other esters: from RMgX 
О T 
| (1) 2 CH,CH;MgB 
CH,COCH,CH, ———— — 7^. сн,с 8808; 
i > TyHIOLH " 
ethyl acetate СЕЗОН; 


3-methyl-3-pentanol 


STUDY PROBLEM 


Write equations to show how the following conversions could be made: 


(a) Q — О ОН 


(b CH;CH;CH;CH;Cl CH,CH;CH;CH;OH 


OH 


C. Reduction of carbonyl compounds 


ч 
л 


Alcohols may be prepared from carbonyl compounds by reduction reactions in 
which hydrogen atoms are added to the carbonyl group. For example, reduction 
of a ketone by catalytic hydrogenation or with a metal hydride yields a secondary 
alcohol. Yields are often 90-100%. These reactions will be discussed in more detail 
in Section 11.14. 


n OH 
| ' | 
(1) NaBH, 
СН.ССН, (2) H,0, H* CH;CHCH; 
acetone 2-propanol 

Н,, Ni catalyst 
> 

Hda heat, pressure {он 

cyclohexanone cyclohexanol 


D. Hydration of alkenes 


When an alkene is treated with water plus a strong acid, which acts as a catalyst, 
the elements of water (H^ and ОН”) add to the double bond in a hydration 
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reaction. The product is an alcohol. Many alcohols, such as laboratory ethanol, 
are made commercially by the hydration of alkenes. Limitations and variations of 
hydration reactions, as well as the mechanism, will be discussed in Chapter 9. 


CH=CH, чно В (Gen. 


ethylene ethanol 
н: 
cyclohexene cyclohexanol 


Table 7.5 summarizes the various ways to prepare alcohols. 


STUDY PROBLEM 


7.6. Write equations that show how each of the following alcohols can be prepared 
from (l)an alkene, апа (2) a ketone: 


(a) 2-butanol (b) 2,4-dimethyl-1-cyclopentanol 


TABLE 7.5. Summary of laboratory syntheses of alcohols 


Reaction Section reference 


Primary alcohols: 


RCH,X + OH —"*. RCH,OH 5.5 
О 
|] (1) RMgX 
HCH онон RCH;OH 6.9 
E 
CH,CH, get RCH,CH,OH 7.16 
lols (1) BH, 
R,C=CH, (2H,0,. 0H R,;CHCH;OH 9.10 
О 
|| (н) 
RCH —lH , RCH,OH 11.14 
Secondary alcohols 
|] br 
RCH bueno RCR 6.9 
i т 
HCOR = R'CHR' 13.5C 
1 i 
RCR’ 1, RCHR' 11.14 
он 
RCH—CHR: 722", gCHCH,R 9.8 
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TABLE 7.5. (continued) 


Reaction Section reference 


Tertiary alcohols: 


n is 
(О R MgX | 
ВСК HO.H^ id 6.9 
R^ 
OH 
| || (D R^ MgN | " 13.3C. 13.5C 
RCC] or RCOR U)HO.H^ RCR; goles ils 
1.2-Diols: 
OH OH 
NInO, . OH ^ 
RCH—CHR ————— RCH—CHR 9.14A 
T 
RCH—CHR (o RCHCHR 9.14B 
OH 


* Other preparations of 2° alcohols from alkenes include oxymercuration-demercuration 
(Section 9.9) and hydroboration-oxidation (Section 9.10). 


E. Ethanol by fermentation 


The ethanol used in beverages is obtained by the enzyme-catalyzed fermen- 
tation of carbohydrates (sugars and starches). One type of enzyme converts carbo- 
hydrates to glucose, then to ethanol; another type leads to vinegar (acetic acid), 
with ethanol as an intermediate. 


enzymes 


САНС CH,CH,OH 
glucose ethanol 
a sugar 


The source of the carbohydrates used for fermentation depends on avail- 
ability and on the purposes of the alcohol. In the U.S., carbohydrates are obtained 
primarily from corn and from the molasses residue of sugar refining. However, 
potatoes, rice, rye. or fruit (grapes, blackberries, etc.) may also be used. 

Fermentation of any of these fruits, vegetables, or grains ceases when alco- 
holic content reaches 14 to 16 percent. If a higher concentration of alcohol is 
desired, the mixture is distilled. The distillate is an azeotrope of 95% ethanol-5 % 
water. (An azeotrope is a mixture that boils at a constant boiling point as if it were 
a pure compound.) This distillate may then be used to fortify the fermentation 
mixture, or it may be diluted with water to the desired strength. 

Because alcoholic beverages are taxed in almost all countries of the world, 
most ethanol sold for laboratory or industrial purposes (and not taxed as a liquor) 
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is denatured —that is, small amounts of toxic impurities are added so that the 
ethanol cannot be diverted from the laboratory or factory into illegal beverages. 


SECTION 7.5. 


Reactivity of Alcohols 


An alcohol can lose its hydroxyl proton to a sufficiently powerful base in an acid- 
base reaction. The product is an alkoxide. This reaction will be discussed in Section 
7.10. 


О—Н bond broken: 


~ 
CH,O—H +Na* NH, ——— CHO №" + NH, 


methanol sodamide sodium methoxide 


a strong base 


Alcohols can also undergo substitution reactions and elimination reactions 
in which the С—О bond is broken. 


C—O bond broken: 


` 


CH;CH,--OH + НВг ——> CH,CH,—Br + H,O 


ethanol bromoethane 


H \ 
\ 


H,SO, 
heat 


| 
CH,—CH,—OH CH,=CH, + H,O 


ethylene 


These substitution and elimination reactions are similar to the substitution 
and elimination reactions of alkyl halides. Unlike alkyl halides, however, alcohols 
do not undergo substitution or elimination reactions in neutral or alkaline solution; 
therefore, treatment of an alcohol with a nucleophile such as CN in neutral or 
alkaline solution does not result in substitution products or alkenes. Why not? 
The answer is that, in general, a leaving group must be a fairly weak base. In 
Chapter 5, you learned that Cl”, Вг”, and І are good leaving groups and are 
readily displaced from alkyl halides. These ions are very weak bases. But СОН, 
which would be the leaving group of an alcohol in neutral or alkaline solution, is a 
strong base and thus is a very poor leaving group. 


good leaving group 


Y 


CH;CH;- —Br aF "OH 


CH,CH,OH + Br“ 


poor learing group 


/ 


y 


CH;CH,—OH + Br ———  noreaction 
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Substitution and elimination reactions of alcohols do proceed in acidic 
solution. We will consider what happens initially to alcohols in acidic solution and 
then consider the further reactions of these compounds. 


SECTION 7.6. 


Substitution Reactions of Alcohols 


In acidic solution, alcohols are protonated. This reaction is an acid-base equilib- 
num with the alcohol acting as a base. It is the same type of reaction that occurs 
between water and a proton. 


H H 


a |. 
H—O: + НСІ = а О! + СГ 
hydronium ion 
H H 
lux | 
R—O: + НЕ = Ree) CE 
an alcohol an oxonium ion 


In each case. an empty 15 orbital of H * overlaps with one of the filled valence 
orbitals of the oxygen, and an O—H sigma bond is formed (see Figure 7.1). The 
product of the reaction with water is the protonated water molecule, or the 
hydronium ion. A protonated alcohol molecule is called an oxonium ion. 

Protonation reactions are rapid and reversible. Because any hydrogen at- 
tached to the oxygen may be lost in the reverse reaction, the OH protons of alcohols 
undergo rapid exchange with other acidic protons. For example, if methanol is 
treated with DCI, the solution soon contains CH OD and НСІ as well as CH4OH 
and DCI. 


CH,OH Онон CH,OD 
D 


Although —OH is a poor leaving group, —OH,* is a good leaving group 
because it is lost as water, a very weak base. 


good leaving group 


R—OH EU UR Nu НО 
H 
sp? sp? 
BM d =a d 
иче Ж 
H H A \ "H 
H H 


FIGURE 7.1. Bonding in the hydronium ion (Н.О ) and in an oxonium ion (КОН, * ). 


268 Chapter 7 Alcohols, Ethers, and Related Compounds 


The most useful reagents in substitution reactions of alcohols are the hydro- 
gen halides. The product of the reaction of an alcohol with HX is an alkyl halide. 


CH,CH,CH,OH + HBr ———» CH;CH,GOH;Br + В.О 


1-ргорапо! 1-Бготоргорапе 


2-propanol 2-ю4оргорапе 


t-butyl alcohol t-butyl chloride 


A.  Reactivity of the hydrogen halides 


In alcohol substitution reactions, the reactivity of the hydrogen halides is as 
follows: 


HF HCI HBr HI 
pK; “ae " =7 ЕУ 
increasing acid strength; increasing reactivity toward КОН 


Although HI, НВг, and НСІ are all considered strong acids (almost com- 
pletely ionized in water), HI is the strongest acid of the group. HF is a weak acid. 
(Some reasons for this order of acid strength will be discussed in Chapter 12.) The 
order of reactivity of these acids toward alcohols simply parallels the relative 
acid strengths. 


ROH +HI —— RI +H,0 


increasing 
rate of ROH + НВг ——— RBr + H,O 

reaction 
ROH + HC] —— ВСІ + H,O 


B. Reactivity of alcohols toward hydrogen halides 


The order of reactivity of alcohols toward the hydrogen halides follows: 


methyl Г? oe g= benzylic allylic 
increasing reactivity of ROH toward HX 


Allalcohols undergo reaction with HBr and HI readily to yield alkyl bromides 
and iodides. Tertiary alcohols, benzylic alcohols, and allylic alcohols also undergo 
reaction readily with НС1. However, primary and secondary alcohols are less reac- 
tive and require the help of anhydrous ZnCl, or a similar catalyst before they can 
undergo reaction with the less reactive НСІ in a reasonable period of time. 
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MGHS Gon Xd — са Ho 


«тст ZnCl, 

reactivity 2: (CH,),CHOH + НСІ = (CH;),CHCI + HO 

toward HX | 
я ео 


The function of the zinc chloride is similar to that of H^. Anhydrous zinc 
chloride is a powerful Lewis acid with empty orbitals that can accept electrons 
from the oxygen. The formation of a complex of ZnCl, with the alcohol oxygen 
weakens the C—O bond and thus enhances the leaving ability of the oxygen 
group. 


а ay E- 
= iWeb ЕЕ qe 
H H 


the complex 


e$ /7X Pa > 82 - $m 1 
Ci: = do + са HOZnCl + CI 


CH, Н CHS 
displacement by СГ the product 


C. Sxl or S42? 


It has been observed that secondary alcohols and tertiary alcohols sometimes 
undergo rearrangement when treated with HX. Most primary alcohols do not. 
The conclusion is that secondary and tertiary alcohols undergo reaction with 
hydrogen halides by the S41 path (through a carbocation), while primary alcohols 
undergo reaction by the S42 path (backside displacement). 


Methyl and primary alcohols, 5 м2: 


+ 


CH,CH,ÓH NUES OH, = 
protonated 
ER 5+ m Qi 
Жї I =< E SP Н,О: 
CH, Сн, 


S,2 transition state 


Other alcohols, S1 


- 


[(CH,,CH] — (CHj,CHX 


carbocation 
intermediate 


(CH;),CHÓH 


(CH3),CHTOH, 


protonated 
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SAMPLE PROBLEM 


The only alkyl halide formed in the reaction of 3-methyl-2-butanol with HBr is a 
product of rearrangement. Give the structure of the product and show how it is 


formed. 
Solution: 
CH; CH, 
а КР сн,с—енсн, La 1 
H OH H 


а 2 carbocation 


сн, сн, 
CH4C-CH;CH, |. == Gh a GN 
Br 


a 3 carbocation 
2-bromo-2-methylbutane 


SECTION 7.7. 


Other Reagents Used to Convert Alcohols to Alkyl Halides 


Other halogenating reagents, such as PX,, SOCI, , and PX5, can be used to convert 
alcohols to alkyl halides without rearrangement. We will discuss only two of these 
reagents, phosphorus trichloride and thionyl chloride. 

Both these reagents undergo reaction with alcohols to form inorganic 
esters, a topic that will be discussed in Section 7.12. What is germane to the present 
discussion is that the resulting inorganic ester groups, like —OH,*, are good 
leaving groups. The following reactions are excellent methods for the preparation 
of alkyl chlorides from primary and secondary alcohols. (Tertiary alcohols 
generally undergo elimination reactions under these conditions.) 


КОН + РС) —— —5 R—OPCl; + НСІ —— RCI + HOPCI; 


phosphorus 


trichloride | 
good leaving groups 


| | 
| 
КОН + CISC] ———> R—OSCI + на ——— ва + 50, + НСІ 


thionyl 
chloride 


Phosphorus trichloride first undergoes reaction with an alcohol to yield a 
phosphite ester and НСІ. This initial reaction step does not involve cleavage of the 
C—O bond. No racemization of a pure enantiomeric alcohol is observed, as 
would happen if the reaction went through a carbocation. Of course, if the starting 
alcohol is either achiral or racemic, so is the product. 
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Step 
CH cu^, TN - CH;CH M Y 
SG OH pA: с, =з C= OP: 
CH; Cl CH, H 
(S)-2-butanol a protonated 


(S)-chlorophosphite ester 


The second step in the reaction is the S42 attack by Cl”. As in any S42 
reaction, inversion of configuration is observed if the starting material is a single 
enantiomer. 


Step 2 
н. Н 
Qj СНОН брот, AA тей 
Сн 3 H CH; 
(R)-2-chlorobutane 
(inverted) 


Each of the three P— CI bonds can undergo reaction; the end product of the 
phosphorus trihalide is phosphorous acid (H PO). 


STUDY PROBLEM 


“ч 


` 
. 


Would vou expect deuterium and chlorine to be cis or trans in the product of the 
following reaction? 


H 


N 
(i) + Pa, — 


OH 
D 


The reactions of alcohols with thionyl chloride are interesting. If an amine 
solvent is used for the reaction, a chiral, resolved alcohol yields the alkyl chloride 
with the inverted configuration. By contrast, if an ether solvent is used. the alkyl 
chloride that is obtained has the same configuration as that of the starting alcohol. 
In this latter case, we say that the reaction proceeds with retention of configuration. 


SOCI, 
RN” ( R)-2-chlorobutane 
(S)-2-butanol 
| 
soci, 
E Un (S)-2-chlorobutane 
In either an amine solvent or an ether solvent, the first step in the reaction 
sequence is analogous to that of the reaction with phosphorus trichloride—the 
formation of an inorganic ester. Again. the C—O bond is not broken in this first 
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step. If the starting alcohol is a pure enantiomer, the chlorosulfite ester has the | 
same configuration as the alcohol. | 


Step 1: 


H H, о 
сњен у _ e -cı сисин ш ila c, CHCH oll 


СТ я 
CH, сі“ “е: ct, V CH, 
(S)-2-butanol an (S)-chlorosulfite 


An amine solvent reacts with the HCl formed in this reaction to yield an 
amine salt: 
RN: BEN == Карни ЕК 


The chloride ion from this acid-base reaction attacks the chlorosulfite ester in a 
typical S42 reaction, which results in an alkyl chloride with an inverted con- 
figuration. 


Step 2 т an amine solvent, an Sy 2 reaction: 


inverted 


H 
CH: CHE П 5 m S 
С: CH; CH, 


( R)-2-chlorobutane 


An ether solvent cannot solvate and stabilize ions. The НС! formed in Step 1 
(the formation of the chlorosulfite ester) escapes into the atmosphere. Thus, in an 
ether solution, the chloride ion for the alkyl chloride must come from the chloro- 
sulfite ester grouping. Evidence shows that the chlorosulfite dissociates into ions. 
These ions cannot become completely dissociated in an ether solution, but remain 
very close to each other as an ion pair. The Cl ^ then attacks the positive carbon 
from the same side as the C—O bond; the result is a retained configuration. This 
type of reaction is called an Si reaction, where “РГ” stands for internal return. 
Si reactions are quite rare in organic chemistry. 


Step 2 in an ether solvent, an 5 мі reaction: 


H, 
сша х ан кш “са ^T Тан 
к = C — > C—Cl: 
CH —Q 80, Ыы" ban 
3 v О | УСТ: 
а CH, >" CH; 
ion pair (S)-2-chlorobutane 


STUDY PROBLEM 


7.8. List three reagents that could be used to prepare 2-chlorooctane from 
(R)-2-octanol. Tell whether each would lead to racemization, inversion, or 
retention of configuration. 
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SECTION 7.8. 


Elimination Reactions of Alcohols 


Alcohols, like alkyl halides, undergo elimination reactions to yield alkenes. 
Because water is lost in the elimination, this reaction is called a dehydration 


reaction. 


(CH;);COH 


t-butyl alcohol 
а 3? alcohol 


(GHI CHOH 


2-propanol 
а 2° alcohol 


CH,CH,OH 


ethanol 
а 1° alcohol 


conc. H,SO, 
—————- 2 


conc. H SO, 
— — — 


conc. H;SO, 
а 


(CH;),C=CH, + H,O 


methylpropene 
(isobutylene) 


60° 


CH,CH=CH, + H,O 
propene 
(propylene) 


100° 


Сон НО 


ethene 
(ethylene) 


180* 


Although sulfuric acid is often the acid of choice for a dehydration catalyst, 
any strong acid can cause dehydration of an alcohol. Note the comparative ease 
with which a tertiary alcohol undergoes elimination —simply warming it with 
concentrated H SO, leads to the alkene. Elimination is a prevalent side reaction 
in substitution reactions of tertiary alcohols with HX. 


1^ ROH 2? ROH 3° КОН 
increasing ease of dehydration 


For secondary and tertiary alcohols, dehydration follows an Е1 path. The 
hydroxyl group is protonated, a carbocation is formed with loss of a water molecule, 
and then a proton 15 eliminated to yield the alkene. (Primary alcohols probably 
undergo dehydration by an E2 path.) A secondary or tertiary alcohol yields little, 
if any, substitution product in hot sulfuric acid; however, primary alcohols may 
yield ethers or sulfates. These competing reactions are discussed in Section 7.12B. 

Let us consider the dehydration of 2-pentanol, a secondary alcohol that 
undergoes a typical El reaction. 


Step ! protonation and loss of water): 


tay c RS 


| H er Ено 
fast » slow 4 
СШ ОНОН СНСН, ==> CHCH CH:CHCH, === (CH, CH; CH CHEH.] 
protonated a carbocation 
Step 2tloss of H^ 
H H^ -H 
= n fast ; ó- fast 
CH;,CH;CH—CHCH, = |CH,CH,CH-=CHCH, —— CH,CH,CH=CHCH, 


transition state 2-pentene 
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In this reaction, the formation of the carbocation is the slow step and thus 
the rate-determining step, just as carbocation formation is the rate-determining 
step in an Syl or El reaction of an alkyl halide. In the second step, which is the 
faster step, the carbocation loses H* (to HO, HSO, , or another molecule of 
alcohol). In this second step, the double bond is partially formed in the transition 
state. For this reason, when more than one alkene can be formed, a typical ЕІ 
reaction yields predominantly the more substituted, more stable alkene (Saytseff 
rule). Recall from Chapter 5 that E2 reactions also usually yield the more stable 


alkene. 
OH 
| н.5О, 
CH,CH,CH,CHCH, 9 CH,CH,CH=CHCH, + СН,СН,СН,СН=СН, 
2-pentanol 2-pentene ]-pentene 


80 gr ST. 


STUDY PROBLEM 


7.9. Моша you expect to find cis- or trans-2-pentene as the predominant product in 
the dehydration of 2-pentanol? Explain. 


In a typical Е1 reaction of an alcohol, Step 1 determines the overall rate of 
the reaction, but Step 2 determines the product ratio. Figure 7.2 shows an energy 
diagram that exemplifies this statement. 


rad ts 1 determines overall rate 


Ls. 2 determines product ratio 


carbocation 


— > 


less-substituted 
alkene 
more-substitured 
alkene 


ROH + H,SO, 


Progress of reaction ———> 


FIGURE 7.2. Energy diagram for a typical E1 reaction of a secondary or tertiary alcohol. 


In any elimination reaction in which the double bond can be in conjugation 
with a benzene ring, the conjugated product is formed in preference to the non- 
conjugated product. The conjugated alkene is of lower energy, as is the transition 
state leading to its formation. In fact, it is often difficult to isolate alcohols in 
which the hydroxyl group is one or two carbons away from a benzene ring; 
dehydration is usually spontaneous under acidic conditions. 
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OH 


(С)-сн.енсн,сн, ъ 


1-phenyl-2-butanol 


n onhan with henzen€ ring 


(С) -сн=снен,сн, апа по! (С) -сн,сн=енсн, 
1-phenyl-1-butene 1-phenyl-2-butene 
Recall from Section 5.6F that carbocations can undergo rearrangements. 
Are rearrangements observed in the El reactions of alcohols? Yes, they are. If a 
carbocation can undergo a 1.2-shift to a more stable carbocation, rearrangement 
products will be observed. 


^ ж 
Acarrangements 


n o CH, CH, 
H.SO, S 
үс без, — =. =с 
| | 3 95 д 
СН, СН, СН, 
3.3-dimethyl-2-butanol 2.3-dindethyl-2-butene 
CH H 
в 2 Н,50, СРЕ 
CH,CH—C-—CH;OH 2 = 
| A ` 
CH, CH, CH, 
2.3-dimethyl-1-butano! 2,3-dimethyl-2-butene 


Because rearrangements can occur in the dehydration of alcohols and because 
the dehydrations of primary alcohols are slow, the dehydration of an alcohol is 
not always the best method for preparing an alkene. In many cases, it is preferable 
to convert the alcohol to the alkyl halide and then subject the alkyl halide to an 


E2 reaction. 


SAMPLE PROBLEM 


Predict the major products of dehydration of (a) 3-pentanol and 
(b) neopentyl alcohol (2.2-dimethyl-l-propanol). (Hint: Neopentyl alcohol 
undergoes rearrangement when treated with H:SO,.) 


Solution: 
OH 
- —НаО d 
(à CH,CH.CHCH,CH. ————- CH,CH,CH=CHCH, 


trans-2-pentene 


more stuble alkene 


CH, CH, 
=g Р ET t = 
С ке да. T Lon 5 C—CH. T 5 (Gj. =CHCH, 
B rearrimgied ?-methyl-2-butene 


more stable alkené 
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A.  Pinacol rearrangement 


When treated with strong acids, 1,2-diols do not yield alkenes or dienes, as we 
might expect. Instead, a rearrangement called a pinacol rearrangement occurs. 
Pinacol is the trivial name Гог 2,3-dimethyl-2,3-butanediol. (The name comes from 
the Greek pinox, “plate,” which is descriptive of the appearance of crystalline 
pinacol.) When pinacol is treated with an acid, a ketone called pinacolone results. 


OH n n 
(CH; C—G(CH;,y е (Gh, leer, T5 00 
2,2-dimethyl-2,3-butanediol 3,3-dimethyl-2-butanone 
(pinacol) (pinacolone) 


This reaction is another example of a carbocation rearrangement. 


он OH “OH, H 
н Їй? 
сн,с——Ссн, == сн, сон, = 
СН, СН, CH, CH, 
pinacol protonated 
:ÓH сн, "OH i 
‚© i ES \ 
он жан: ЕЕ „з= а == (CH;),;CCCH, 
CH, CH; CH; 
carbocation rearranging a protonated ketone pinacolone 
(less stable) (more stable) 


In this reaction, first one of the —OH groups is protonated to yield —OH,; *, 
which leaves as water. The resulting carbocation undergoes a 1,2-shift of a methyl 
group to yield a resonance-stabilized cation (the protonated ketone) that loses a 
proton to yield a ketone. 


H & Inl 
ПРА о DO 
О О ‘Oo 
е 


REGES ирс CR ccce REC RH 


a ketone 
a protonated ketone 


(resonance-stabilized) 


The term “pinacol rearrangement” is used to describe similar rearrange- 
ments of any 1,2-diols, not just pinacol itself. The pinacol rearrangements of 
compounds containing a variety of groups have been studied to show which 
groups are most apt to migrate, or shift, in a rearrangement. We will consider one 
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example. The first step in the pinacol rearrangement of I-phenyl-1,2-propanediol 
is carbocation formation: 


i Te OH 

H * - | 
GT —но (С) еннен, 
1-phenyl-1_2-propanediol resonance-stabilized 


OH 
and not О 
not resonance-stabilized 
Which migrates, the Н or the CH,? We can tell by identifying the product: 


It H migrates 


OH [0] 


x | ll 
-g 


l-phenyl-2-propanone 


observed product 
lf CH, migrates 


о 


» [| 
Qs Te — o4 
Re cH, 


2-phenylpropanal 


not observed 


The pinacol rearrangement of 1-phenyl-1,2-propanediol yields 1-phenyl-2- 
propanone and not 2-phenylpropanal. In this example, a hydrogen has migrated 
instead of a methyl group. 

From such studies of a large number of pinacol rearrangements, it has been 
determined that (1) the more stable carbocation is formed initially (a benzylic 
carbocation in the preceding example), and (2) the migratory aptitude is Ar > К; 
that is, when either an alkyl or an aryl group can undergo a 1 2-shift, the aryl group 
shifts rather than the alkyl group. It has also been found that hydrogen atoms are 
unpredictable in their migratory aptitudes. With some 1,2-diols, a hydrogen atom 
migrates in preference to an Ar or R group; with other diols, an Ar or R group 
migrates in preference to H. 


STUDY PROBLEM 
7.10. Predict the product of the pinacol rearrangement of each of the following diols: 
OH OH OH 


| z 
(а) (СЬН,)„ССН,ОН (b) н ту UR UN o 
СН, СН, 
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SECTION 7.9. 


Alcohols as Acids 


An alcohol is similar to water in that it can act as a base and accept a proton (to 
yield a protonated alcohol. КОН, *). Like water, an alcohol can also act as ап 
acid and lose a proton (to yield an alkoxide ion, КО). Like water, an alcohol is 
a very weak acid or base; for a pure alcohol or an aqueous alcohol, the equilibrium 
for the ionization reaction lies on the un-ionized side of the equation. 


Water: НОНЕ НО е WO: ВО’ 


Methanol 


GH,O—H + CH,OH ОНО чь ООВ 


Methanol in Н5О: 


CH;,O—H T H,O ===: CH;O^ + Н.О“ 


In dilute aqueous solution, alcohols have approximately the same pK, 
values as water (see Table 7.6). However, in their pure liquid state (no water). 
alcohols are much weaker acids than water. The pK, of pure methanol is around 
17, and other alcohols are even weaker acids. For comparison, the pK, value for 
pure water is 15.7 (not 14, which is the pK,,). 


TABLE 7.6. pK; values for water and some alcohols in dilute aqueous solution 


Compound pK, 
H;O 15.7 
СН,ОН 15.5 
CH;CH;OH [5*7 
(CH;),COH ~18 


The lower acidity of nonaqueous alcohols is not due to any unique structural 
inability of КО” to carry an ionic charge, but rather is a result of the low dielectric 
constants of alcohols compared to that of water (Table 7.4, page 258). Because 
they are less polar, alcohols are less able to support ions in solution than are water 
molecules. 


SECTION 7.10. 


Alkoxides and Phenoxides 


An alkoxide is the salt of an alcohol. (The name is analogous to hydroxide.) 


CH,O- Na* CH,CH3O- к (СНу)„СНО” te” 


sodium methoxide potassium ethoxide sodium isopropoxide 
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Alkoxides are strong bases, generally stronger than hydroxides. To prepare 
an alkoxide from an alcohol, a base stronger than the alkoxide itself is required. 
Sodamide (NaNH;) and Grignard reagents are strong enough bases to abstract 
a hydrogen ion from an alcohol. 


ROH + МаМН, ————* КО Na* + NH, 
ROH + R'MgX  ——— RO~ *MgX + R'H 


The most convenient method for the preparation of alkoxides is the treat- 
ment of an alcohol with an alkali metal such as sodium or potassium. The reaction 
Is not an acid-base reaction, but an oxidation- reduction reaction. The alkali metal 
is oxidized to a cation, and the hydrogens of the OH groups are reduced to hydrogen 


gas. 


Бе. № ——— СНОС" — eH 
ПО ма сасною Na+ thst 
(CH4,),COH s K = o cm (CH44CO ^ К Е iH, 


Methanol and ethanol undergo fairly vigorous reaction with sodium metal. 
As the size of the R group is increased, the vigor of the reaction decreases. Sodium 
and water react explosively; sodium and ethanol undergo reaction at a very 
| controllable rate; and sodium and 1l-butanol undergo a very sluggish reaction. With 
alcohols of four or more carbons, the more reactive potassium metal is generally 
used to prepare the alkoxide. 


H,O  CH,O0H  CH,CH,OH  CH,CH,CH,OH 
decreasing reactivity toward Na or K 


A phenoxide is the salt of a phenol, a compound in which OH is attached 
directly to an aromatic ring. 


OH (О-о Na* 
N 


phenol sodium phenoxide 


a phenoxide 


сњ.-(С)-он сн, )-o- K* 


4-methylphenol potassium 4-methylphenoxide 


(p-cresol 
d a phenoxide 


Phenols are much stronger acids than alcohols. The pK, of phenol itself is 10. 


Thus, phenol is about halfway between ethanol and acetic acid (pK, — 4.75) in 
acid strength. A phenoxide ion is a weaker base than OH ; therefore, a phenoxide 


o — E 
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can be prepared by treating a phenol with aqueous NaOH. This reactivity is in 
direct contrast to that of alcohols. 


CH,CH,OH + NaOH += QCH,GH,O- Na* + НО 


ethanol, pK, = 15.9 sodium ethoxide 
favored 
(Оу он + NaOH == (О-о Na* + H,O 
phenol. pK, = 10 sodium phenoxide 
favored 


The degree of ionization ofa weak acid is determined by the relative stabilities 
of the un-ionized compound and the anion: 


If A. is stabilized 
HA = Н*+А` 4 relative to НА. acidity 


is increased 


The reason for the acidity of phenols is that the product anion is resonance- 
stabilized, with the negative charge delocalized by the aromatic ring. 


Resonance structures tor the phenoxide ion: 


ien 
С — Oe — Qe — Qe 


The negative charge in an alkoxide ion (КО) cannot be delocalized. 
Therefore, an alkoxide ion is of higher energy relative to the alcohol, and alcohols 
are not as strong acids as phenols. 

Because of its acidity, phenol was originally called carbolic acid. In the 1800's, 
the British surgeon Joseph Lister urged that phenol be used as a hospital anti- 
septic. Prior to that time, no antiseptics were used because it was thought that odors, 
not microorganisms, were the cause of infection. А$ an antiseptic, phenol itself | 
has been replaced by less irritating compounds. Interestingly, many modern anti- 
septics still contain phenolic groups. 


OH OH OH 


CI CH, СІ 
HO ЄЧ (ОШ) ОН, 


CI CI 
CI Cl 


n-hexylresorcinol 
hexachlorophene 


banned for most uses 
because it can be 
absorbed through the skin 


Alkoxides and phenoxides are good nucleophiles. The use of these reagents 
for reaction with alkyl halides to yield ethers was mentioned in Chapter 5 and will 
also be discussed later in this chapter (Section 7.14). 
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STUDY PROBLEMS 


7.11. What are the principal ions in solution when the following reagents are mixed? 


(а) sodium ethoxide and phenol (b) sodium phenoxide and ethanol 


7.12. The pA, of p-nitrophenol is 7. Use resonance structures to explain why this 
compound is more acidic than phenol. 


олл—(Сў—он 


p-nitrophenol 


SECTION 7.11. 


Esterification Reactions 


Alcohols undergo reaction with carboxylic acids and carboxylic acid derivatives 
to yield esters of carboxylic acids. These reactions, called esterification reactions, 
and the product esters will be covered in detail in Chapters 12 and 13. 


О 
| H^. heat | 
CH;,C OH C ШШОСНЬСН, == CH, ,COGH CH, HO 
acetic acid ethano! ethyl acetate 
a carboxylic acid an ester 
О О 
le С H^. heat ] 
СОН + H OCH;CH,;CH; co COCH CH;CH, а= H,O 
benzoic acid 1-ргорапо! n-propyl benzoate 
a carboxylic acid dn ester 


STUDY PROBLEM 
7.13. Predict the esterification product of each of the following reactions: 


Н“. heat 
(a) CH,CH,CH,CO,H + CH,OH 


CH,OH 5 
1 H ^. heat 
(b) $ CH$COSH 


SECTION 7.12. 


Inorganic Esters of Alcohols 


Inorganic esters of alcohols are compounds prepared by the reaction of alco- 
hols and either mineral acids (such as HNO, or H5SO,) or acid halides of mineral 
acids (such as SOCL,, Section 7.7). 
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Б CH,ONO, 
апо бап, CHONO, 
CH,ONO, 
dimethyl sulfate nitroglycerin 
an inorganic ester an inorganic ester 


A.  Nitrates 


To see how an inorganic ester of an alcohol is formed, let us consider the for- 
mation of an alkyl nitrate (RONO,). (Do not confuse the alkyl nitrates with 
nitroalkanes, RNO,, in which carbon is attached to the М.) A nitrate esterification 
proceeds by (1) an ionization reaction of HNO; to yield a nitronium ion (* NO,), 
followed by (2) attack on * NO, by the alcohol oxygen. This second reaction is a 
typical Lewis acid-base reaction. Loss of a proton from the intermediate adduct 
yields the nitrate ester. 


1. Formation of МО. * 
2 HO БО. зн De 


+ > 
H,O7NO, = H;Q + NO, 


2. Formation of ester: 


ag * д —H* no 
a р. === е ==" Н ОШО. 


H H methyl nitrate 
methanol protonated 
nitrate 


STUDY PROBLEM 


Give the steps in the formation of ethyl nitrite (СН,СН,ОМО) from nitrous 
acid (HONO) and ethanol. 


Nitric acid is a strong oxidizing agent, and oxidation of the alcohol (some- 
times explosively) can accompany the formation of nitrate esters. The nitrate 
esters themselves (for example, nitroglycerin and PETN) are explosives. When 
detonated, these compounds undergo fast intramolecular oxidation-reduction 
reactions to yield large volumes of gases (N;, CO,, Н.О, O,). Organic nitrates 
(such as nitroglycerin) and nitrites are also used as vasodilators (substances that 
dilate blood vessels) in the treatment of certain types of heart disease. 


CH,ONO, 
O,NOCH,CCH,ONO, 


CH,ONO, 
pentaerythritol nitrate (PETN) 


an explosive 
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B. Sulfates 


The reaction of concentrated sulfuric acid with alcohols can lead to monoalkyl 
or dialkyl sulfate esters. The monoesters are named as alkyl hydrogen sulfates, 
alkylsulfuric acids, or alkyl bisulfates; the three terms are synonymous. The names 
of the diesters are straightforward; the alkyl groups are named and the word 
sulfate is added. Alkyl hydrogen sulfates are strong acids, but dialkyl sulfates are 
not acidic. 


O ч idic О О 
|, | | 
oue Un CH;OSOCH, кы s 
| 
О О О 
methyl hydrogen dimethyl sulfate methyl ethyl sulfate 


sulfate 


Earlier in this chapter, we mentioned that the action of sulfuric acid on alco- 
hols results in alkenes. In Section 7.14, we will discuss the fact that diethyl ether 
is prepared by the reaction of ethanol and sulfuric acid. What actually happens 
when an alcohol is treated with concentrated sulfuric acid? 

When an alcohol is mixed with H,SO, , a series of reversible reactions occurs. 
(The scheme that follows is simplified; alkenes can also go to sulfates, sulfates 
can go to ethers, etc.) Which reaction product predominates depends on the struc- 
ture of the alcohol, the relative concentrations of reactants, and the temperature 
of the reaction mixture. In general, primary alcohols give sulfate esters at low 
temperatures, ethers at moderate temperatures, and alkenes at high temperatures. 
(In all cases, mixtures would be expected.) Tertiary alcohols and, to a large extent, 
secondary alcohols yield alkene products. 


p ROSO,OH + ROSO;OR + H,O 


140° 


ч 


2° and 3°: ВОН + H,SO, ===> alkenes + H,O 


1°: ВОН + H;SO, ROR + H;O 


alkenes + H,O 


Dimethyl sulfate and diethyl sulfate are volatile and therefore can easily be 
isolated from a reaction mixture by distillation. The other alkyl sulfates are not 
so volatile; the high temperatures needed for distillation are sufficient to crack 
the sulfates and yield alkenes. 

A more general method for preparing sulfates is by using one of the chlorides 
of sulfuric acid. For example: 


о 
|| | 

2СН;ОН + с—8—С — еш о. +2НС1 
О 


sulfuryl chloride dimethyl sulfate 
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An alkyl sulfate group is a good leaving group. Dimethyl sulfate, which is 
commercially available, is often used as an alkylating agent. The following 
example shows its use in preparing a methyl ester. 


О О 
A. E Il. Е 
CH CÜ: E CH,--0SO0,00H, ——— CH,GOCH, + 050.80, 
acetate ion dimethyl sulfate methyl acetate 


ап ester 


C. Sulfonates 


A sulfonate is an inorganic ester with the general formula RSO,OR. (Do not 
confuse the sulfonate structure with the sulfate structure. А sulfonate has an alkyl 
or aryl group attached directly to the sulfur atom.) | 


О acidic О 
| d \ 
S—OH $—ОСН, 
| | 
О О 
benzenesulfonic acid methyl benzenesulfonate 
a sulfonic acid a sulfonate 


(a strong acid) 


Sulfonates are the most widely used of the various sulfur derivatives of 
alcohols. They are often solids, a fact that simplifies their laboratory purification. 
In addition, a sulfonate group (КЅ50,0—) is an excellent leaving group and can 
be displaced by a variety of nucleophiles. Conversion of an alcohol to a sulfonate, 
followed by nucleophilic displacement, provides an excellent synthetic route to a 
variety of products. 

We will concentrate our attention on only one class of sulfonates—the 
p-toluenesulfonates (4-methylbenzenesulfonates), usually called tosylates and : 
abbreviated ROTs. The tosylates are prepared by the reaction of an alcohol with 
p-toluenesulfonyl chloride (tosyl chloride). An amine, such as pyridine (page 753), 
is often added to the reaction mixture to "trap" the НСІ as it is formed 
(R4N: + НСІ > В.МН* СГ). 


i | 
ВОН (С), ——À xos-(. ))-cn, + на 
| 
© 


Icohol 
an alcoho О 


tosyl chloride an alkyl tosylate 
(TsCl) (ROTs) 


In the formation of the tosylate, the carbon-oxygen bond of the alcohol is 
not broken. If a tosylate is prepared using a single enantiomer of a chiral alcohol, 
the tosylate retains the configuration of the starting alcohol. 
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H о H O 
E nie — Proc mene 
Emp T apre Zer zi 
(S)-2-butanol 
H O 
_н CCo l Оу, 
сн, à 


(S)-2-butyl tosylate 


STUDY PROBLEM 
7.15. How would you prepare (а) п-ргору! tosylate and (b) (R)-2-hexyl tosylate? 


The tosylate anion (as well as other sulfonate anions) is resonance-stabilized 
and is a very weak base. 


эу О: 
| ll es i 
сн. ( )-s 9: CH S--Ó:- са 
l Ib | 
.O. О 


For this reason, the tosylate group is a far better leaving group than an OH 
group. The tosylate group may be displaced in S42 reactions by such weak nucleo- 
philes as halide ions or alcohols. (No acidic catalyst is necessary.) 


— Vh fx Sx oe ven 
CE + CH,—OTs :CI—CH, + OTS 
= CH, tosylate ion 
on `х res Sa + 2 
CH; H CH, 


a protonated ether 


—H-* РА 
CH,ÜCH,CH, 


STUDY PROBLEMS 
7.16. Write resonance structures for the methylsulfonate ion. 


7.17. Predict the S42 product of the reaction of water with (R)-2-octyl tosylate. 
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SECTION 7.13. 


Oxidation of Alcohols 


In inorganic chemistry, oxidation is defined as the /oss of electrons by an atom, 
while reduction is the gain of electrons by an atom. 


Oxidation: Reduction: 
Na? — > Mat Fet —“> Fes 
ег“ 29-7 
Mg? Ecc EM М2? * Cu?* Ecc EM Cu? 


In organic reactions, it is not always easy to determine whether a carbon 
atom "gains" or "loses" electrons. However, oxidation and reduction of organic 
compounds are common reactions. Good rules of thumb to determine if an organic 
compound has been oxidized or reduced follow. 


It a molecule gains oxygen or loses hydrogen, it is oxidized: 


GH,CHjOH > с 


OH О 


| "n [ 
CH;,CHCH, =e, CH;CCH; 


If a molecule loses oxvgen or gains hydrogen, it is reduced: 


chico n “=й сн NOH 


О ОН 


|| т | 
CH, CGH, Wer, ener 


We may list a series of compounds according to the increasing oxidation 
state of carbon: 


CH,=CH, CH=CH n 
СН.СН, CH;CH,OH CH,CHO СН.СОН СО, 
CH;CH;Cl CH;CHCI; and its derivatives 
increasing oxidation state of C 


Note that CH;—CH, and СН.СН.ОН are at the same oxidation level. 
This is not surprising because the difference between the two molecules is only a 
molecule of water. No oxidation-reduction reaction takes place in the intercon- 
version of ethylene and ethanol. 


Н.О 
CH,=CH, На CH;CH;OH 


7.19. 
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STUDY PROBLEMS 


List the following compounds in order of increasing oxidation state. 


(а) HO;C(CH;),CO;H (Ы) ( уон (c) ( = 


List the following carboxylic acids in order of increasing oxidation state: 
O О 
| | | 

(a) HOCH;COH (b) CH,COH (с) HOC—COH 


hydroxyacetic acid acelic acid oxalic acid 


Alcohols may be oxidized to ketones, aldehydes, or carboxylic acids. These 
oxidations are widely used in the laboratory and in industry, and they also occur 
in biological systems. 


О 
Il 
[0] RCH 
RCH,OH an aldehyde 


a 1° alcohol ope RCO,H 


a carboxylic acid 


09 i 
rom 10158, RER 
a 2° alcohol a ketone 


Theoretically, alcohols can also be reduced to hydrocarbons; however, such 
reactions are not common. Instead, indirect methods of reduction are used; for 
example, dehydration of an alcohol leads to an alkene, which is readily reduced 
with H, to the alkane (Section 9.13). 


OH H,SO, H, 
heat Pt catalyst 


cyclohexanol cyclohexene cyclohexane 


А. Combustion of ethanol 


Alcohols, like other organic compounds, can undergo combustion. 


CH,CH;OH + 30, 


ethanol 


2 CO, + ЗН.О + energy 


The burning of ethanol has an interesting history. In the days of pirates and 
sailing ships, the alcoholic content of rum or whiskey was determined by pouring 
it on a small pile of gunpowder and igniting the vapor. If the flames died down and 
the gunpowder did not burn, the conclusion was that the rum had been watered 
down. If the gunpowder did burn, this was proof that the rum had not been diluted. 


288 


CH,CH,OH 
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The term “proof” derives from this custom of testing alcoholic beverages. Proof 
is twice the percent of alcohol; 100-proof spirits are 50 percent ethanol. 


B. Biological oxidation of ethanol 


ша mammalian system, ingested ethanol is oxidized primarily in the liver with 
the aid of an enzyme called alcohol dehydrogenase. The product of this dehydro- 
genation is acetaldehyde, СН,СНО. (The biological oxidation of methanol 
leads to formaldehyde, HCHO, which is toxic.) The acetaldehyde from ethanol is 
further oxidized enzymatically to the acetate ion, CH4CO; 7, which undergoes 
esterification with the thiol coenzyme A (often abbreviated HSCoA). The product 
of the esterification is acetylcoenzyme А. (The complete structure of acetyl- 
coenzyme А is shown on page 638.) The acetyl group (CH4CO-—) in acetyl- 
coenzyme A can be converted to CO;, Н,О, and energy, or it can be converted 
to other compounds, such as fat. 


alcohol | if | 
оо | 
denydrossmuse онро ЕК Os 


О 


SCoA || СО, + Н.О + energy 
JiSCoÀ. с Зе — 


acetylcoenzyme А Ss fat. etc. 


C. Laboratory oxidation of alcohols t 


In general, laboratory oxidizing agents oxidize primary alcohols to carboxylic 
acids and secondary alcohols to ketones. 


"?-—9 


O 
[0] | 
RCH;OH —— > RCOH 
а 1° alcohol a carboxylic acid 
i i 
RCHR Ж ЕСЕ 
а 2? alcohol a ketone 


Some typical oxidizing agents used for these oxidations are: 


1. alkaline potassium permanganate: KMnO, + OH; 
2. hot, concentrated НМО,; 


3. chromic acid: H,CrO, (prepared in situ from CrO, or Na,Cr,0, with 
H5SO,). 


Primary alcohols are oxidized first to aldehydes. Aldehydes are more easily 
oxidized than alcohols; therefore, the oxidation usually continues until the 
carboxylic acid (or, in alkaline solution, its anion) is formed. 
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O 
|] 
СН.СН.СН.ОН i" H.CrO, Ll CH;CH;CO,H + Gros 


l-propanol propanoic acid 


О 
OH- ll 
CH.OH + MnO,^ CH CO,” + MnO, 
evelohexvi methanol " 
B i |н, (Уон 


cyclohexane- 
carboxylic acid 


If the intermediate aldehvde has a low boiling point, it can be distilled from 
the reaction mixture before it is oxidized to the carboxylic acid. Yields of aldehydes 
by this method are usually low; therefore, this technique is of limited synthetic 
value. A better reagent for oxidizing a primary alcohol to an aldehyde is a chromic 
oxide-pyridine complex. a reagent that does not oxidize an aldehyde to a carboxylic 


acid. 
i 
CH,CH,CH,OH + со,-2 ON SEC CH.CH.CH 
1-ргорапо! —=—— propanal 


pyridine 


Secondary alcohols are oxidized to ketones in excellent yields by standard 
oxidizing agents. (Acidic conditions are usually used because ketones can be 
oxidized further in alkaline solution.) 


он о 
! H;CrO,; 
CH,(CH.),CHCH; -- CH,(CH;);CCH; 
2-octanol 2-octanone 
96°, 
Он ке Ons 
cyclohexanol cyclohexanone 
9594 


Tertiary alcohols are not oxidized under alkaline conditions. If the oxidation 
is attempted in acidic solution, the tertiary alcohol undergoes dehydration and then 
the alkene is oxidized. Alkene oxidation will be discussed in Chapter 9. 


[0] no reaction 


R,COH Оч. 


а 3 alcohol [О] 


alkenes ———— alkene oxidation products 


The mechanisms of many oxidation reactions are not completely understood. 
Because of the possible variations of reduced forms of Мп(УП) from MnO, . or 
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Cr(VI) from CrO,?~, the mechanisms have the potential for being quite compli- 
cated. In some reactions, the oxidizing agent probably forms an inorganic ester 
with the alcohol and, by appropriate shifts of electrons and protons, the oxidized 
product results. 


H n 0: HÓ 
" —H;O ly m || - .. | Ж 
R;CHOH + HCrO," ———» [R;C—O-——CrO^*| =" R,C=0.+ CrO 
Cr(VI) | || 
an inorganic ester Cr v) 


STUDY PROBLEM 


7.20. Predict the organic products of H,CrO, oxidation of: (а) cyclopentanol, and 
(b) benzyl alcohol. (Hint: The benzene ring is not affected by H,CrO,.) 


D. Oxidation of 1,2-diols 


The periodic acid oxidation is a test for 1,2-diols and for 1,2- or «-hydroxy aldehydes 
and ketones. A compound containing such a grouping is oxidized and cleaved by 
periodic acid (HIO,). In the case of a simple 1,2-diol, the products are two al- 
dehydes or ketones. 


ош cleavage 
ОН: OH 
S к == || | 
ВСН-СНЕ ——*> ВСН + HCR + НЮ, 
ОН 
RCCH,CHR Hes. mo reaction 
CH,O0 OH 
RCH—CHR 10, no reaction 
The periodic acid reaction goes through a cyclic intermediate, a fact that 
explains why isolated hydroxyl groups are not oxidized. 


R,C—OH lo n а 020) 
| + HIO, ——=> ‚= + HIO, 
R,C—OH К.С "c: о R4C—Ó 
STUDY PROBLEM 


7.21. Predict the products of the periodic acid oxidation of the following compound: 
OH OH ОСН, 
CH,CH—CH—CH, 
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In the case of an a-hydroxy aldehyde or ketone, the carbonyl group is 
oxidized to а carboxyl group, while the hydroxyl group is again oxidized to ап 
aldehyde or ketone. 


CO.H 1 CHO 
\O OH, 
и d a || || 
RC—CHR : RCOH + НСК + НО, 
о он 
| um. Й [| 
HC—CHR HCOH + HCR + НЮ, 


The periodic acid oxidation is used in carbohydrate chemistry for the analysis 
of sugars. Most sugars contain an aldehyde group plus hydroxyl groups on the 
other carbon atoms. In these cases, the oxidation of the interior hydroxyl groups 
proceeds further than it does with a simple 1,2-diol. For example, the products of 
the periodic acid oxidation of the sugar erythrose (2.3,4-trihydroxybutanal) are 
formaldehyde and formic acid in the molar ratio of 1:3. 


OH OH OH O О 
|| К а а | Îl 
(== СОСО = HCH + 3HCOH 
7 " formaldehyde formic acid 
BS 
vidized w HCHO oxidized to 
HCO.H 


This oxidation of the CHOH groups in erythrose to formic acid can be rationalized 
by considering the reaction to be stepwise. 


А 
OH OH OH О OH OH О 


EL Ане [йө ией Тыйын || 
CH CH- си сон — — —— CH -CH CH +  HCOH 


formic acid 


мер Z 
vidi zed 
OH ОН О OH О 
ае 28 e || 
CH,—CH—CH —— CH,—CH + HCOH 
formic acid 
Step OH О 


ЫМ СЫ — > HCH SR HCOH 


formaldehyde formic acid 
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STUDY PROBLEM 
7.22.  Predict the periodic acid oxidation products of glucose (page 807). | 


SECTION 7.14. 


Preparation of Ethers 


A. Diethyl ether 


Under the proper conditions, the reaction of sulfuric acid with ethanol produces 
diethyl ether by way of the intermediate ethyl hydrogen sulfate. (This reaction 
was first reported in the 1500's! Until 1800, it was thought that diethyl ether con- 
tained sulfur in its structure when, in fact, sulfur was an impurity arising from the 
sulfuric acid.) 


HS0, CH,CH,OH 
CH;CH;OH ——— 'CH,CH,OSO.H == GH, CH OCH» GH, 


ethanol ethyl hydrogen sulfate diethyl ether 


Diethyl ether is undoubtedly the most popular organic laboratory solvent. Of 
historical interest is its introduction in the 1800's, along with chloroform and 
nitrous oxide (N,O, laughing gas), as a general anesthetic. Diethyl ether and 
nitrous oxide are still used as anesthetics. (Chloroform, however, has a narrow | 
margin of safety and leads to liver damage, as do many of the chlorinated hydro- 
carbons.) Diethyl ether is volatile, its vapors are explosive, and it has a tendency | 
to cause nausea. Despite these drawbacks, it is physiologically a relatively safe 
anesthetic. Other ethers that are used as anesthetics are methyl propyl ether 
(CH,0CH,CH,CH;) and ethyl vinyl ether (CH4CH;OCH-—CH ). 


B. Williamson ether synthesis 


The Williamson ether synthesis is the most versatile laboratory procedure for 
synthesizing ethers. The Williamson synthesis is the S42 reaction of an alkyl 
halide with an alkoxide or phenoxide, a reaction we discussed in detail in Chapter 5. 


ya = GH oral 


кошт Rx =! Ror as 
" = (Cala, ee SEO 


Best yields are obtained when the alkyl halide is methyl or primary. (Secondary 
and tertiary alkyl halides lead to alkenes, while aryl and vinyl halides do not under- 
go S42 reactions.) The alkoxide that may be used in a Williamson synthesis has 
fewer limitations. It may be methyl, primary, secondary, tertiary, or allylic. 
Usually either the sodium or potassium alkoxide or phenoxide is used. 
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Synthesis of dialkyl ethers 


аа а A > 
CH,O- -CH,CHiCH,—C| —*2+ сн.осн.сн.сн, + CI- 


methoxide ion I-chloropropane methyl propyl ether 
Patni Y CHL  —* 5 сосна + 
propoxide юп iodomethane methyl propyl ether 
(CH,),CO- +CH,I =>  (CHj,COCH, 11: 
t-butoxide юп t-butyl methyl ether 


but not CH;O E x (CH;)CI (Why not?) 


Synthesis of ап alkyl агу! ether 


О TOR —= caco ~C) + Вг- 


phenoxide ion bromoethane ethyl phenyl ether 
but not | CH;CH.O + Q (Why not?) 

STUDY PROBLEM 
7.23. Show by equations the best method for preparing each of the following ethers by 

a Williamson synthesis: 

OCH, 

(a) (b) (CH,),CHOCH,CH, 
SECTION 7.15. 

Substitution Reactions of Ethers 


Ethers are quite unreactive and behave more like alkanes than like organic com- 
pounds containing functional groups. Ethers undergo auto-oxidation (Section 
6.6C) and combustion (which occurs readily), but they are not oxidized by labora- 
tory reagents; nor do ethers undergo reduction, elimination, or reactions with 
bases. When they are heated with strong acids, ethers do undergo substitution 
reactions. For example, when heated with HI or HBr, an ether undergoes a 
substitution reaction to yield an alcohol and an alkyl halide. (Under these con- 
ditions, the alcohol can undergo further reaction with the HI or HBr to yield 
additional alkyl iodide or bromide.) 


CH,CH,OCH.CH, + НІ — * > сн,сн + HOCH.CH, 
diethyl ether iodoethane ethanol 


Lm EO 
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Ether cleavage with HI or HBr proceeds by almost the same path as the 
reaction of an alcohol with HX: protonation of the oxygen, followed by S1 or 
542 reaction. (Protonation is necessary because RO | is a poor leaving group, 
while ROH, like Н,О, is easily displaced.) 


| 
ve H* - 
CH,CH,—Ó—CH,CH, = CH,CH,—Q—CH,CH, — 
protonated 
| CH, H 
Le 


: | | Т * 
[-—-CH,---Q—CH,CH,| ——o  CH,CH,E + HOCH,CH, 
5+ 


5х2 transition state 


An alkyl phenyl ether, such as anisole, yields the alkyl iodide and phenol 
(not iodobenzene) because the bond from the sp? carbon is stronger than the bond 
from the sp? carbon (Section 2.4F). 


not cleaved 


(o-c, Sg жш: e + ӘН, 


methyl phenyl ether phenol iodomethane 
(anisole) 


SAMPLE PROBLEM 


Give the steps for the cleavage of diisopropyl! ether by HI (an S41 reaction). 


Solution: 
H 


J H ly 
(GHEE CHa 0 === (CH3),;CHO—CH(CH;), 
protonated 


—HOCH(CH;), 
Sa 


[(CH;),CH] L, (CH );CHI 


a carbocation 


STUDY PROBLEM 


7.24. Тһе Zeisel procedure for estimating the number of methoxyl (CH ,0—) or ethoxyl 
(CH,CH,O—) groups in an alkyl aryl ether consists of ether cleavage with 
excess HI, followed by distillation of the volatile methyl or ethyl iodide from the 
reaction mixture. The amount of volatile iodide is determined by reaction with 
aqueous silver nitrate. Write the equations for the reactions that would occur in 
the determination of the methoxyl groups in 1,2,3-trimethoxybenzene: 


OCH, 
OCH, 


OCH, 
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SECTION 7.16. 


Substitution Reactions of Epoxides 


Epoxides are synthesized by the reaction of alkenes with peroxybenzoic acid 
(C,H;CO,H). This reaction will be discussed in Section 9.14B. 

Before we discuss the reactions of epoxides, let us consider a few aspects of 
the structure of an epoxide. An epoxide ring, like a cyclopropane ring, cannot have 
normal sp? bond angles of 109°; instead, the internuclear angles are 60°, a geo- 
metric requirement of the three-membered ring. The orbitals forming the ring 
bonds are incapable of maximum overlap; therefore, epoxide rings are strained. 
The polarity of the C—O bonds, along with this ring strain, contributes to the high 
reactivity of epoxides compared to the reactivity of other ethers. 


RSS: 
CH mo polar and strained 


Because an epoxide is cyclic, a substituted epoxide may be capable of geo- 
metric isomerism. 


к О к Б COUCH 
ИХ А * 7 
С. = 

H н H ‘R 

cis trans 


Epoxide rings may be part of fused-ring systems; in these cases, the epoxide 
must be cis on the other ring. (The required bond angles for the three-membered 
ring make the trans-configuration impossible.) 


H 


(9 


cyclopentene oxide 


a fused-ring system 


STUDY PROBLEM 


7.25. Which of the following epoxides can exist as a pair of geometric isomers? 


О О 
| PS WS 
(а) O (b CH,CH—CH, (c) CH,CH—CHCH, 


Opening of the strained three-membered ring results in a lower-energy, 
more stable product. The characteristic reaction of epoxides is ring opening, which 
can occur under either alkaline or acidic reaction conditions. These reactions 
of epoxides are referred to as base-catalyzed or acid-catalyzed cleavage reactions. 
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In base О OH OH 
Ze № OH | | 
(LIPS CH, Е H,O — — 4 (НБ 
oxirane 1.2-ethanediol 
(ethylene oxide) (ethylene glycol) 


О OH oo 


N OCH, | 
СЫ + CH,OH Saag ЫБ = (Нр 


2-methoxy-1-ethanol 


In acid: О OH ОН 
єн, СН, + H,O (LIPS LIO 
OH Cl 
7S 
(EIS — GH. + НСІ Wm ==} СА 


2-chloro-1-ethanol 
(ethylene chlorohydrin) 


A.  Base-catalyzed cleavage 


Epoxides undergo S42 attack by nucleophiles such as the hydroxide ion or al- 
koxides. The steps in the reactions of ethylene oxide with hydroxide ion (NaOH or 
KOH in water) and with methoxide ion (NaOCH , in methanol) follow: 


I ES HGH 
a On :OH 
О 
a l 05 сё | | s: 
GHSS CH. = ОН GL GH OR == CH;CH;OH + :OH^ 
= abstracting a 1,2-ethanediol 
proton from Н.О 
29, na excess T 
> Е 
сн, сн, + OCH, 92, CH,—CH,OCH;—-—22> CH,GH,OCH, + 98,0% 
ме. 


2-methox y-1-ethanol 


In base-catalyzed cleavage, the nucleophile attacks the /ess hindered carbon, 
just as we would expect from an S42 attack (1° > 2° > 3°). 


О 
Z2 in base. attack at 
Cie Тыш а 2 less hindered carbon 
СН, Nu. 
OH 
las OCH | 
(CH, 3C=GH, -—GH,OH == (CH,),CCH,OCH, 
2,2-dimethyloxirane 1-methoxy-2-methyl-2-propanol 


A Grignard reagent contains a partially negative carbon atom and attacks 
an epoxide ring in the same manner as other nucleophiles. The product is the 
magnesium salt of an alcohol; the alcohol may be obtained by hydrolysis. The 
reaction of a Grignard reagent with ethylene oxide is a method by which the hydro- 
carbon chain of the Grignard reagent may be extended by two carbons. 
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From methy Imagnesium iodide to 1-propanol: 


Co О ‘мя 
н E 435. pe ПОЛ 


From cyClohexvimagnesium bromide to 2-сус!оһеху!-1-е{һапо!: 


Co О "MgBr 


S | Е 


Suggest а synthesis for 2-phenyl-1-ethanol starting with bromobenzene. 


SAMPLE PROBLEM 


Solution: 


l. Convert bromobenzene to a Grignard reagent. 


C,H,Br Mg 17, C,H.MeBr 


2. Treat the Grignard reagent with ethylene oxide. 


= 
СОН Mebr CH.—CH, ———» C,H.CH CH, OMeBr 
3. Hydrolyze the magnesium alkoxide. 


C,H.CH,CH,OMgBr + H^. — 0, C,H.CH,CH,OH + Mg?” + Br 


В.  Acid-catalyzed cleavage 


In acidic solution, the oxygen of an epoxide is protonated. A protonated epoxide 
can be attacked by weak nucleophiles such as water, alcohols, or halide ions. 


C I - H 
enera О Dh ÓH 
/ н А 
Са CH === * (hio LIS = = GH С 
pe N 
protonated Tm 
rdi OH 
-H* | 
CH,—CH, ~ — >. CHOH LOH 
no 1,2-ethanediol 
H:O | 
H H 
PT ж жүр, 2 
HI CH,OH -H* 
CH,—CH, Пи Gel, === сш 
Ke 2-methoxy-1-ethanol 
3 
E z 
G он 
CH;CH;CI 


2-chloro-1-ethanol 
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As contrasted with base-catalyzed cleavage, attack in acid occurs at the 
more hindered carbon. 


+ 


А н KR 
(CH4);C— CH; SS шр, cm 


22-dimethyloxirane CH,OH 
:OH 
"ue em a (CH4J,CCH,OH 
CH;OH CHE 


2-methoxy-2- 
methyl-1-propanol 


We must conclude that the protonated epoxide has a fair amount of carbo- 
cation character. If this is the case, there is a partial positive charge on the carbon 
with the greater number of alkyl groups (carbocation stability: 3° > 2? > 1°). 
The subsequent nucleophilic attack is favored at the more positive carbon even 
though this carbon is more hindered. 


abc 
ый | in acid. attack occurs 
ots x 
CH,—C—CH, at the more hindered 
| carbon because it has 
CH, Nu- a greater + charge. 


How do we know that a true carbocation is not formed? When the product 
of an epoxide-cleavage reaction is capable of geometric isomerism, only the trans- 
product is observed. If the reaction went through a true carbocation intermediate, 
we would observe both cis- and trans-products. 


OH 
H 
H 
H, p ÓH 
trans-1,2-cyclohexanediol 
H observed product 
jx 
Ош ы а OH 
H 


attack from either side 
would give both cis and 
trans, which does not occur 
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SAMPLE PROBLEM 


7.26. 


Predict the products: 
о 
HC 
а) CH,CH—CH, + CH,OH <> 


о 


4 H 
(b CH,CH—CH,  CH,OH ———— 


Solution: 
ris 
(a) In base. attack occurs at the less hindered carbon: CH,CHCH,OCH3. 


(b) In acid, attack occurs at the more hindered carbon: Tue i 
OCH; 


STUDY PROBLEM 


Predict the products of reaction of the following epoxide with (a) sodium 
methoxide in methanol, and (b) aqueous НСІ: 


CH, 


i 
CH(CH3); 


SECTION 7.17. 


Thiols and Sulfides 


Sulfur is just below oxygen in the periodic table. Many organic compounds 
containing oxygen have sulfur analogs. The sulfur analog of an alcohol is called an 
alkanethiol, or simply thiol, or by its older name mercaptan. The —SH group is 
called а thiol group or a sulfhydryl group. 


SH 
| 
CH;SH CH3;CH,CHCH, 
methanethiol 2-butanethiol 


The most characteristic property of a thiol is its odor! The human nose is 
very sensitive to these compounds and can detect their presence at levels of about 
0.02 parts thiol to one billion parts air. The odor of a skunk's spray is due primarily 
to a few simple thiols. 

We may deduce some of the properties of thiols as compared to alcohols by 
comparing hydrogen sulfide and water. For example, H S (pK, = 7.04) is a 
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stronger acid than water (pK, = 15.7). Thiols (pK, = ~ 8) are also substantially 
stronger acids than alcohols (pK, = ~ 16). 


CH,CH,SH + өн — с NES 


stronger acid — stronger base 
than H,O than RS- 


Sulfur is less electronegative than oxygen, and its outer electrons are more 
diffuse; therefore, sulfur atoms form weaker hydrogen bonds than oxygen atoms. 
For this reason, H,S (bp — 61°) is more volatile than water (bp 100°), and thiols 
are more volatile than their analogous alcohols. 

Treatment of an alkyl halide with the hydrogen sulfide ion (HS7) leads to 
thiols. Good yields are obtained only if an excess of inorganic hydrogen sulfide is 
used because the resulting thiol (which is acidic) can ionize to form the RS- ion, 
also a good nucleophile. The subsequent reaction of RS~ with the alkyl halide 
yields the sulfide, R,S. 


СН ASH == СН Г 


methanethiol 


sl. А сни 
dimethyl sulfide 


When а thiol is treated with a mild oxidizing agent (such as I5), it undergoes 
coupling to form a disulfide, a compound containing the S—S linkage. This 
reaction can be reversed by treatment of the disulfide with a reducing agent (such 
as lithium metal in liquid NH). 


2 CH,;CH,SH CH,CH,S—SCH;CH, 
ethanethiol diethyl disulfide 


This disulfide link is an important structural feature of some proteins (Section 
19.1B). The disulfide bond helps hold protein chains together in their proper 
shapes. The locations of the disulfide bonds determine, for example, whether hair 
(a protein) is curly or straight. 

A sulfide can be oxidized to a sulfoxide or a sulfone, depending upon the reac- 
tion conditions. For example, 30% hydrogen peroxide in the presence of an acid 
oxidizes a sulfide to a sulfoxide at 25° or to a sulfone at 100°. 


O 


| 
Н+, 25° CH3SCH, 
dimethyl sulfoxide 


СН;$СН, + H,O, 


dimethyl sulfide a о 
е 


О 


dimethyl sulfone 
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Dimethyl sulfoxide (DMSO) is prepared industrially by the air oxidation of 
dimethyl sulfide; it 15 also a by-product of the paper industry. DMSO is a unique 
and versatile solvent. It has a high dielectric constant (49 D), but does not form 
hydrogen bonds in the pure state. (Why not?) It is a powerful solvent for both 
inorganic ions and organic compounds. Reactants often have enhanced reactivities 
in DMSO, compared to alcohol solvents. DMSO readily penetrates the skin and 
has been used to promote the dermal absorption of drugs; however, DMSO can 
also cause the absorption of dirt and poisons. A common complaint of people 
working with DMSO is that, when it is spilled on their hands, they can taste it! 


STUDY PROBLEM 
7.27. Explain (а) why dimethyl sulfoxide is miscible with water, and (b) why this 
compound can act as a weak acid. 


SECTION 7.18. 


Use of Alcohols and Ethers in Synthesis 


Except for epoxides, ethers are not very useful for the synthesis of other organic 
compounds. Alcohols, however, are versatile starting materials for the preparation 
of alkyl halides, alkenes, carbonyl compounds, and ethers. The types of com- 
pounds that can be obtained from alcohols and epoxides are shown in Tables 7.7 
and 7.8. From the reactions presented in this chapter, together with those presented 
previously, a large number of types of compounds can be prepared from a variety 
of starting materials. 


TABLE 7.7. Types of compounds that can be obtained from alcohols 


Section 
Reaction Principal product reference 
Substitution: 
ROH + HX = RX alkyl halide 7.6 
ROH + PX, or SOCI, — A ES alkyl halide Tah 
Elimination: 
OH 
tbe; + H,SO, tal , R,C—CR, alkene 7.8 
Rearrangement: 
OH OH О 
R;C—CR; + H,SO, = ШӘ a ketone 7.8 


(continued) 


302 Chapter 7 Alcohols, Ethers, and Related Compounds 


TABLE 7.7. (continued) 


Section 
Reaction Principal product reference 
Alkoxide formation :° 
ВОН + Na = SRO Na’ alkoxide 7.10 
Esterification: 

ROH + R'CO;H —Н_, RER ester 7А 
1249; 
13.5B 

ROH + TsCl —— ROIS inorganic ester? 7.12 

Oxidation: 

RCH;OH + CrO, -2pyridine ——— RCHO aldehyde 7.13 

RCH;OH + [0] -= КОН carboxylic acid 7.13 

R CHOH + [0] ———» R,C=0 ketone 7.13 

Шш OH 
RCH—CHR' + НО, ———— КСНО + R'CHO aldehyde‘ 7.13 
? Phenoxides may be prepared from phenols and aqueous NaOH (Section 7.10). Both 
RO and ArO are used (with methyl and 1° RX) to synthesize ethers. 
> For the synthesis of other inorganic esters, see Section 7.12. 
* Other compounds may also be obtained (see Section 7.13D). 
TABLE 7.8. Types of compounds that can be obtained from epoxides 
Section 
Reaction Principal product reference 
О ie 
/ \ H* or OH- А 
R CSCR EO = aa ер 1,2-diol 7.16 
OH 
О OH 
LES р Н* orR'O- | 
ООВ, КӨНЕ жу 1,2-а1Коху alcohol 7.16 
OR' 
A^ rs 
ROG Кк; T HX == к 1,2-halohydrin 7.16 
X 
aX 
(1) RMgX © 
CH; CH; H,O, H” RCH CH ,OH І alcohol 7.16 
EIS 
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SAMPLE PROBLEM 

Suggest a synthesis for 3-methyl-3-hexanol from alcohols of four carbons or less. 

Solution: 

1. Write the stucture of 3-methyl-3-hexanol: 

n 
ть м 
СН, 

2. Decide on the reactants. (Remember to approach a synthesis problem 
backwards.) This is a 3 alcohol. so it may be prepared by a Grignard 
reaction. 

О 
(1) CH,;CH,CH, MgBr 
CH,CCH,CH, нон product 
3. The organic reactants in the preceding step may be obtained from alcohols. 
OH T 
| 
CHET E 225 (а есинен, 
GH,CH,CH,;OH t > CH,CH,CH,Br nom CH,CH,CH,MgBr 
diethyl ether 

4. Write the entire synthetic sequence. 

CH,CH,CH,OH —48".. CH,CH,CH,Br ae CH,CH,CH,MgBr 


OH О 


H.CrO, 


| E 
mien. "> oi аби сн, — eer, 


(2) H.O. H 


product 


STUDY PROBLEMS 


7.28. Suggest a method for preparing ethyl acetate (СН,СО,СН,СН,) from ethanol 
and no other organic reagent. 


7.29. Suggest a method of converting cyclopentanol to 1-cyclopentyl-1-ethanol. (Other 
organic reagents may be used.) 


7.30. Show how you would prepare 4-methylpentanoic acid from alcohols or epoxides 
of four carbons or less. 
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Summary 


Alcohols and ethers each contain an sp? oxygen with two filled orbitals. These 
compounds are polar. Alcohols can undergo hydrogen bonding with themselves, 
and either type of compound can undergo hydrogen bonding with water or any 
other compound containing NH or OH. 

Alcohols may be prepared in the laboratory by the S42 reaction of a primary 
alkyl halide with OH; by the reaction of a Grignard reagent with a carbonyl 
compound or with an epoxide: or by the hydration of alkenes. These reactions are 
summarized in Table 7.5, page 264. 

Alcohols undergo substitution reactions with HX (1° alcohols, S42; 2° and 
3° alcohols, S41). Alcohols undergo elimination reactions with H,SO, or other 
strong acids. In either case, the order of reactivity of alcohols is 3° > 2° > 1°. 
Alkyl halides may be prepared from alcohols without rearrangement with SOCI; 
or РСІ,. 


Substitution: КОН + HX ——5 RX+H,0 


Lid 
Elimination. R,CH—CR, D R;C—CR; + H,O 
An alkoxide (RO ) can be prepared from an alcohol and a strong base or an 
alkali metal (RMgX, NH; , Na, К). A phenoxide (ArO ) can be formed by the 


reaction of a phenol and an alkali metal hydroxide (NaOH, KOH). 


ROH + Na —— RO Ма“ + іН, 


ArOH + NaOH ==” Аг@= Nat НО 


An alcohol can undergo reaction with an acid or an acid derivative to yield 
an ester of a carboxylic acid (RCO;R) or an inorganic ester, such as RONO; or 
ROSO,H. (These reactions are shown in Table 7.7, page 301.) Most inorganic 
ester groups are good leaving groups. 

The oxidation of a primary alcohol results in a carboxylic acid (or aldehyde), 
while the oxidation of a secondary alcohol yields a ketone (see Table 7.7). 

Ethers may be prepared by the reaction of an alkoxide or phenoxide (good 
nucleophiles) with a methyl or primary alkyl halide. 


RO + R'X 


ROR’ -X 


Ethers do not undergo elimination reactions, but can undergo substitution reactions 
when heated with HBr or HI. 


heat НІ 


КОК + НІ RI ROE > RI 


Epoxides аге more reactive than other ethers and undergo S42 ring opening 
with nucleophiles (in either alkaline or acidic solution) or with Grignard reagents. 
These reactions are summarized in Table 7.8, page 302. 

Thiols may be used to prepare sulfides or disulfides. Sulfides may be oxidized 
to sulfoxides or sulfones. 


yn. 


ES] 
wd 
һә 


7.33. 


7.34. 


Study Problems 


| | 
| | o 
an ЁЗ — 00. RSR Ca ше oe RSR 
22 a sulfide а sulfoxide 
RSH iH О 
iol — a sulfone 
а thio RSSR 
a disulfide 
STUDY PROBLEMS 


Name all the oxygen-containing functional groups in the following compounds: 


(а) the antihistamine Benadryl. (CH ;); NCH,CH,OCH(C,H;), 
(b) the drug morphine (p. 763) 
(c) tetrahydrocannabinol (the principal active ingredient in marijuana): 


Сн, 


eU. 
ee 
O 


H.C (CH,),CH; 


Which compound in each group would be most water-soluble? Explain. 


(a) n-butyl alcohol. isobutyl alcohol, t-butyl alcohol 
(b) diethyl ether, tetrahydrofuran 

(c) 1-bromooctane, l-octene, 1-octanol 

(d) pentane, 1-pentanol, 3-pentanol, 1,5-pentanediol 


Write an acceptable name for each of the following alcohols, and classify each as 1°, 2°, 
or 3°. 


(a) (CH;),CHCH,CH,OH (b) ^ 


HO 

Fo rds CH. — ,CH,CH,OH 
(c) CH,CHCH,CH,CHCH,CH, (d) с=с 
H H 


Provide suitable names for the following structures: 


(a) CH,OCH,CH,OCH, (b) (CH ),CHOCH,CH,CH; 
Н.С. CH; H,C Нн 
yw уч 
Eri i aa 
н н H CH, 
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Complete the following equations, giving the major organic products: 
(a) (CH3);CHCH;CH;CI == ОН E —— 


(b) (CHO LOR к= 
I 


(1) Mg, ether 
АЕ 
(©) (2) HCHO 
(3) Н,О, H* 
_(1) (CH3);CHMaBr , 
(9) (cro "QHOH* i 


Write equations that show how each of the following alcohols сап be prepared (1) by the 
reduction of a carbonyl compound, and (2) by a Grignard reaction: 


= 
(b (CHj,CHCH;CHCH, 


(c) 
CH,CH,OH 
H 


Write the equation for the reaction that occurs when each of the following alcohols is 
treated with HI. (Show the mechanisms.) 


(а) 2-propanol (b) cyclohexanol (c) l-butanol 


Complete the following equations: 


(а) (CH3),CHCH,CH,OH + НВг — 


(b) {он на 22° 
он 
(с) (С) енен, + н ni. d. 


(d) си —— 
^OH 


CH(CH); 


M ag H9 Mnt фронту 


PM — — 


7.39. 


7.40. 


7.41. 
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Complete the following equations for substitution reactions. Which reaction of the three 
has the fastest rate of reaction? Which has the slowest rate? Explain. 


CHOH 


(а) + HBr -— 


(b) CH,CH;CH,OH + HBr — 


(с) {он + HBr — —— 


Sketch energy diagrams for the reactions in Problems 7.39 (b) and (с). (Use the protonated 
alcohol as the organic reactant.) 


Give the structure of the expected rearranged halide from each of the following reactions: 


: ZnCl, 
(a) 3.3-dimethyl-2-butanol + НСІ a 


(b) 2.-diphenyl-l-ethanol + НІ ——— 
In Problem 7.41, what alkenes would you expect as by-products in each case? 


What would be the product when (S)-2-hexanol is treated with: (a) PCl}; (b)SOCI, т 
ether; (с) НСІ + ZnCl;: (d) SOCI, in pyridine? 


Predict the major organic products of dehydration reactions of the following alcohols. 
Include the stereochemistry of the product if applicable. (a) 2-hexanol; 

(b) I-phenyl-2-propanol; (c)l-butanol; (d)2-butanol; (e) 4-methyl-1,4-pentanediol 
(elimination of 1.0 mole Н,О only). 


Upon dehydration, 2,2-dimethyl-1-cyclohexanol yields two alkenes, both the result of 
rearrangements. One contains a five-membered ring. What are these alkenes? 


Predict the major products when the following diols are treated with sulfuric acid: 


ы "ds T 1 
(a) —. ес (b) MES ES 
CH;,CH, C.H. GH, 


Complete the following equations for acid-base reactions: 


(а) CH,CH,OH +H > (b) ( он TO => 
OH 


э QO- o 


What will be the products of réaction (if any) of the following compounds with sodium 
ethoxide? (a)2-bromopropane; (b)water; (c)aceticacid; (d) phenol. 


(d) (CH4,CO + Но = 
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7.49. If 1-butanol is added to each of the following reagents, what would be the expected major 
products? (а) methylmagnesium iodide; (b) phenyllithium; (с) sodium phenoxide; 
(d) sodium acetate; (e) HBr; (f) potassium metal. 


7.50. Which of the following compounds are resonance-stabilized? Write the important resonance 
structures. 


ONa 


(a) (b CH,=CHCH,OK (с) (СН), СОК 


7.51. Give the major organic product of the reaction (if any) of (R)-2-heptano! with each of the 
following reagents: (a) H;CrO,; (Ы) НІ; (c)Li metal; (d)hot, conc. H,SO,; 
(e) CH,Mgl: (f)aqueous NaCl; (g)aqueous NaOH; (В) SOC], in ether. 


7.52. Write equations for the following reactions: (а) (S)-2-pentanol and tosyl chloride; 
(b) (R)-2-butanol and H,SO, at 180°; (с) (R)-2-butanol and CISO,H ; 
(d) C;H5CO; ^ Na” and diethy! sulfate: (е) (R)-2-butyl tosylate and ethanol under S41 
conditions. 


7.53. Suggest a method for the preparation of each of the following compounds from an alcohol, 
а diol, or a phenol: 


H 


OTs 
(а) CH,(CH,ONO,), (b) 


H 
ө о (Оо, 
(CH3)3C 2 


7.54. In which one of each of the following pairs of compounds is carbon in the higher oxidation 
state? 


(а) CH,;CH,C=CH ог CH,CH,CO,H 
(b) CH,CH,CHO or  CH,CH,CH,OH 


CI 
тесе. 
CI | 


7.55. Suggest an alcohol and an oxidizing agent for preparing: (а) 3-methyl-1-cvclohexanone; 
(b) 2-butanone; (с) butanal (CH,CH,CH,CHO); (d) butanoic acid. 


Bi 
Jg 
с 


` 


vI 


ч 
ш 
eo 


7.60. 


7.62. 


*W 
E 
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Three compounds (A. B, and C) were subjected to oxidation with HIO,. The following 
products were obtained from each reaction, respectively. What are the structures of A, B, 
and C? 


| || | | 
(а) СН.СОН + НССН.СН, (Ы) CH,CCH,CH,CH,CH 


|] |] 
(c) НСН + CH,CCH, 


(a) There are two ways to prepare C, H;CH,OCH,CH; by a Williamson synthesis. Write 
the equations. 
(b) Write an equation for the preparation of C,H;0CH,CH,CH;. 


Predict the principal organic products: 


CH, 

(a) O + one equivalent HI = 
CH, 

(b) О + excess HI Nat 


Predict the major organic products when propylene oxide (methyloxirane) is treated with 
the following reagents: (a) МН,: (b) l-pentanol and HCl; (с) CH,=CHCH,MgBr, 
then dilute HCl; (d) phenyllithium, then dilute HCl: (е) a solution of phenol and 
NaOH. 


What would be the product of the following reaction? (Do not forget stereochemistry.) 
СН, 


© HE — ` 


Complete the following equations, giving only the major organic products: 


T 
heat 


(а)  CH,CH;SCH,CH, + Н.О, 


(b) S+ Н,О, 


=U Á 
room temperature 


(c) (Уз + NaOH 


А chemist had at his disposal а mixture of НСІ + ZnCl,, called the Lucas reagent, and а 
solution of methylmagnesium iodide. He found that a compound of unknown structure 
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underwent rapid reaction with the Grignard reagent and slow reaction when heated with 
the Lucas reagent. Which compound was it? 


(ay (CHCH COH (b) (осн, (c) (CHj,CCI 
(d) { _)—снснуон (е) C) 


Each of the following hydroxy compounds can undergo intramolecular hydrogen bonding 
(that is, hydrogen bonding between two groups in the same molecule). Rewrite each 
structure, showing the intramolecular hydrogen bond. 


OH 


NO; | n OH 
(a) CX (b CH,CHCH,CCH, (се) CI 


OH О 


How would you make the following conversions? 


(a) bromobenzene to benzoic acid (CcH;CO,H) 
(b) benzy! bromide to stilbene (trans-1,2-diphenylethene) 
(c) (R)-2-butanol to (S)-2-butanol 


Vinyl alcohol (CH;— CHOH) is unstable and spontaneously forms acetaldehyde 
(СН.СН=О). Suggest a mechanism for this reaction. 


When trans-2-chloro-1-cyclohexanol is treated with base, cyclohexene oxide is the product: 


however, when cis-2-chloro-1-cyclohexanol is treated with base, the product is 
cyclohexanone. 


(a) Why does the cis-isomer not yield the oxide? 
(b) Write a mechanism for each reaction. 


What products could be obtained when cis-1,2-cyclohexanediol is treated with sulfuric acid? E 


Propose a reaction sequence for each of the following conversions. Use any inorganic or 
organic reagents you wish. 


(а) CQH,CH, to .°C,H,CH,CHCH, 


С! 
(b) po to CT 
С] 
С! 
(с) О to О! (racemic) 
"Ci 


„Ох, 
асн авн to — C,H,OCH;CH;OC,H, 


О, 
p |] 
(e) (CH;CH,),C—C(CH,CH;)) to (CH;CH,),CCCH,CH, 


ч 
" 
be | 


Study Problems 311 


When treated with SOCI;, Compound A yields Compound B. Reaction of B with 
magnesium, followed by reaction with acetaldehyde (CH CHO) and then aqueous acid, 
results in 5-methyl-2-heptanol. What are the structures of Compounds A and B? 


Allyl disulfide (CH,=CHCH,SSCH ,CH=CH,) is a contributor to the odor of garlic. 
How would you prepare this compound from allyl alcohol? 


Suggest a synthesis for each of the following compounds from an alcohol of four carbons or 
less and any other reagents needed: 


GH, о 
(а) Dara Aodh, (b) (CH;);COCH,CH,; (е) TECTA 
E 
(d) CH,—CHCH,CHCICH,CH, (e) (CH;),C=CHCH; 
( (CHj.CHCH,CH,CH,OH (8) (CHj,CHCH,CHCH, 
см 
(h) (СН,),СНОСН,СН,СІ (0 Осн са. сонно, 
охо, 


Suggest a synthesis for each of the following compounds, starting with any organic 
compounds of three or fewer carbon atoms: 


(a) l-bromo-2-butene (b) 3-ethyl-3-pentanol 


| 
(c) 2-butyl acetate, кен 
CH; 
SCH; 
(d) CH;CHCH=CH, (e) octane 
When Compound А (C;H,40,) is treated with periodic acid, formaldehyde and Compound 


B (СН, Оз) result. Oxidation of В with KMnO, solution yields adipic acid, 
HO;C(CH;),CO;H. What are the structures of А and B? 
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Spectroscopy I: | 
Infrared and | 
Nuclear Magnetic Resonance 


pectroscopy is the study of the interactions between radiant energy and matter. | 
The colors that we see and the fact that we can see at all are consequences i 
of energy absorption by organic and inorganic compounds. The capture of the 
sun’s energy by plants in the process of photosynthesis is another aspect of the 
interaction of organic compounds with radiant energy. Of primary interest to the 
organic chemist is the fact that the wavelengths at which an organic compound 
absorbs radiant energy are dependent upon the structure of the compound. Therefore, 
spectroscopic techniques may be used to determine the structures of unknown 
compounds and to study the bonding characteristics of known compounds. 
In this chapter, our emphasis will be on infrared spectroscopy and nuclear 
magnetic resonance spectroscopy, both of which are used extensively in organic 
chemistry. In Chapter 21, we will broaden our discussion to include some other 


| 
types of spectroscopy. 
SECTION 8.1. 
Electromagnetic Radiation 


Electromagnetic radiation is energy that is transmitted through space in the 
form of waves. Each type of electromagnetic radiation (radio waves, ultraviolet, 
infrared, visible, and so forth) is characterized by its wavelength (7). the distance 
from the crest of one wave to the crest of the next wave (see Figure 8.1). 

The entire spectrum of electromagnetic radiation is represented in Figure 
8.2. The wavelengths that lead to vision range from 400 nm to 750 nm (1 nm = 
10^? m or 10^? cm); however, the visible region is a very small part of the entire 
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wavelength, À 


< 


Ме ка =, = 


longer wavelength shorter wavelength 


FIGURE 8.1. Wavelength of electromagnetic radiation. 


cosmic rays 


and y rays жы 


— 


wavelength, ст: 10-6 10-5 1074 107? TORIS 107! 


increasing wavelength, decreasing energy 


FIGURE 8.2. The electromagnetic spectrum. 


electromagnetic spectrum. Wavelengths slightly shorter than those of the visible 
region fall into the ultraviolet region, while slightly longer wavelengths fall into 
the infrared region. 

In addition to being characterized by its wavelength, radiation may be charac- 
terized by its frequency (v), which is defined as the number of complete cycles per 
second (cps), also called Hertz (Hz). (See Figure 8.3.) Radiation of a higher fre- 
quency contains more waves per second; therefore, the wavelength must be shorter. 
By their definitions, wavelength and frequency are inversely proportional. This 
relationship may be expressed mathematically: 


where v — frequency in Hz, 
с = 3 x 10!? cm/sec (the speed of light), and 
А = wavelength in cm. 


In infrared spectroscopy. frequency is expressed as wavenumbers: the number 
of cycles per centimeter. Wavenumbers have units of reciprocal centimeters 
(1/ст, or cm~'). The unit used for wavelength in infrared spectroscopy is the 


—— time—> distance —> 


one complete cycle 1 cycle/sec = 1 Hz 1 cycle/cm = 1 ст-! 


FIGURE 8.3. Frequency of electromagnetic radiation. 
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TABLE 8.1. Symbols commonly encountered in spectroscopy 


Symbol Definition 


Y frequency in Hz (cycles per second) 

A wavelength 

um micrometer, same as micron (и), 10 5 т 

nm nanometer, same as millimicron (ти), 107° m 
À Angstrom, 10^ !? m or 10^! nm 

cms wavenumber: frequency in reciprocal cm, or 1/4 


micrometer, um (or micron, и), where 1.0 ит = 1076 m or 10^? cm. Wave- 
numbers and wavelengths can be interconverted by the following equation: 
1 


wavenumber in сто! = ———— = — x 10* 
Ainecm Ain pm 


A few common symbols and units used in spectroscopy are listed in Table 8.1. 

Electromagnetic radiation is transmitted in particle-like packets of energy 
called photons or quanta. The energy of a photon is inversely proportional to the 
wavelength. (Mathematically, E = hc/2, where Л = Planck's constant.) Radiation 
of shorter wavelength has a higher energy; therefore, a photon of ultraviolet light 
has more energy than a photon of visible light and has substantially more energy 
than a photon of radio waves. 

Conversely, the energy of a photon of radiation is directly proportional to the 
frequency (more waves per unit time mean higher energy). The relationship is 
expressed in the equation E = hv. (The symbol Лу is often used in chemical equa- 
tions to represent electromagnetic radiation.) 


ultraviolet visible infrared radio 
increasing À (or decreasing v) means decreased energy 


Molecules absorb only specific wavelengths of electromagnetic radiation. 
Absorption of ultraviolet light (high-energy radiation) results in the promotion 
of an electron to a higher-energy orbital. Infrared radiation does not contain 
enough energy to promote an electron; absorption of infrared radiation results in 
increased amplitudes of vibration of bonded atoms. When a sample absorbs 
photons of radiation, the number of photons being transmitted through the sample 
decreases. This absorption is observed as a decrease in intensity, or quantity, of 
radiation. It is this change in intensity that is used as a measurement in spectros- 


copy. 


STUDY PROBLEMS 
8.1. Which has the higher energy: 


(a) Infrared radiation of 1500 ст”! or of 1600 cm™'? 
(b) Ultraviolet radiation of 200 nm or of 300 nm? 
(c) Radio waves of 60,000 Hz or of 60,004 Hz? 


8.2. Make the following conversions: 


(a) 6.000 um to cm”! (b) 800cm'! to um (c) 1.5 u toum 
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SECTION 8.2. 


Features of a Spectrum 


An infrared, visible, or ultraviolet spectrum of a compound is a graph of either 
wavelength or frequency, continuously changing over a small portion of the electro- 
magnetic spectrum, versus either percent transmission (ХТ) or absorbance (А). 


o 
о 


intensity original intensity 
ох А = log} ———— — ——- 


original intensity intensity 


Most infrared spectra record wavelength or frequency versus ХТ. The 
absence of absorption by a compound at a particular wavelength is recorded as 
100,7 (ideally). When a compound absorbs radiation at a particular wavelength, 
the intensity of radiation being transmitted decreases. This results in a decrease in 
°„Т and appears in the spectrum as a dip, called an absorption peak, or absorption 
band. The portion ofthe spectrum where 7; T measures 100 (or near 100) is called the 
base line, which is recorded at the top of an infrared spectrum. 

Visible and ultraviolet spectra (Chapter 21) are usually presented as graphs 
of 4 versus wavelength. In these cases, the base line (zero absorbance) runs along 
the bottom of the spectrum, and absorption is recorded as an increase of the signal. 
The general appearance of spectra using % T and A is shown in Figure 8.4. 
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FIGURE 8.4. Spectra are graphs of percent transmission (% T) or absorbance (A) by a 
sample versus wavelength or frequency of radiation. 


Although the physical appearance of a nuclear magnetic resonance spectrum 
is similar to that of a visible or ultraviolet spectrum (base line at the bottom), 
the physical principles of nuclear magnetic resonance spectroscopy are different 
from those of other types of spectroscopy. Therefore, we will defer a discussion 
of these spectra until Section 8.6. 


SECTION 8.3. 


Absorption of Infrared Radiation 


Nuclei of atoms bonded by covalent bonds undergo vibrations, or oscillations, 
in a manner similar to two balls attached by a spring. When molecules absorb 
infrared radiation, the absorbed energy causes an increase in the amplitude 
ofthe vibrations of the bonded atoms. The molecule is then in an excited vibrational 
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state. (The absorbed energy is subsequently dissipated as heat when the molecule 
returns to the ground state.) The exact wavelength of absorption by a given type of 
bond depends upon the type of vibration of that bond. Therefore, different types of 
bonds (C—H, C—C, О—Н and so forth) absorb infrared radiation at different 
wavelengths. 

A bond within a molecule may undergo different types of oscillations; 
therefore, a particular bond may absorb energy at more than one wavelength. 
For example, an O—H bond absorbs energy at about 3330 ст! (3.0 ит); 
energy of this wavelength causes increased stretching vibrations of the O—H bond. 
An О—Н bond also absorbs at about 1250 ст! (8.0 ит); energy of this wave- 
length causes increased bending vibrations. These different types of vibrations 
are called different fundamental modes of vibration. 

s Pe 
(ais mb CH af 


stretching bending 


The relative amounts of energy absorbed also vary from bond to bond. This 
is partly due to changes in bond moment when energy is absorbed. Nonpolar 
bonds (such as C—H or C—C bonds) give rise to weak absorption, while polar 
bonds (such as C=O) exhibit much stronger absorption. 


SECTION 8.4. 


The Infrared Spectrum 


The instrument used to measure absorption of infrared radiation is called an 
infrared spectrophotometer. A diagram of a typical instrument is shown in Figure 
8.5. At one end of the instrument is the light source, which emits all wavelengths of 
infrared radiation. The light from this source is split by mirrors (not shown) into 
two beams, the reference beam and the sample beam. After passing through the 
reference cell (which contains solvent, if used in the sample, or nothing if the sample 
is pure) and the sample cell, the two beams are combined in the chopper (another 
mirror system) into one beam that alternates from reference beam to sample beam. 
This alternating beam is diffracted by a grating that separates the beam into its 
different wavelengths. The detector measures the difference in intensities of the 
two segments of the beam at each wavelength and passes this information on to 
the recorder, which produces the spectrum. 
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source /= and 
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FIGURE 8.5. The infrared spectrophotometer. 
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Figure 8.6 shows two infrared spectra of l-hexanol. The top spectrum is a 
typical example of the type of spectrum obtained directly from a spectrophoto- 
meter. The lower spectrum is an artist's rendition of the real spectrum. In the 
artist-rendered spectrum, many small extraneous peaks arising from impurities 
and electronic “noise” have been deleted. For the sake of clarity, we will use this 
second type of spectrum in this text. 

The scales at the bottoms of these spectra are in wavenumbers, decreasing 
from 4000 ст! to about 670 em ' or lower. The corresponding wavelengths in 
um (or и) are shown at the top. The wavelength or frequency of the minimum point 
of an absorption band is used to identify each band. This point is more reproducible 
than the range of a wide band, which may vary with concentration or with the 
sensitivity of the instrument. 
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FIGURE 8.6. Infrared spectra of 1-hexanol. The upper spectrum is a reproduction of an 
actue! spectrum, while the lower one is an artist's rendition. Upper spectrum 
© Sadtler Research Laboratories, Division of Bio-Rad Laboratories, Inc., 1982. 


The infrared bands in a spectrum may be classified by intensity: strong (s), 
medium (m), and weak (w). A weaker band overlapping a stronger band is called a 
shoulder (sh). These terms are relative, and the assignment of any given band as 
s, т, w, or Sh is qualitative at best. In Figure 8.6, a few bands in the lower spectrum 
are labeled according to this classification method. 
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The number of identical groups in a molecule alters the relative strengths of 
the absorption bands in a spectrum. For example, a single OH group in a mole- 
cule produces a relatively strong absorption, while a single CH absorption is 
relatively weak. However, if a compound has many CH bonds, the collective 
effect of the CH absorption gives a peak that is medium or even strong. 


SECTION 8.5. 


Interpretation of Infrared Spectra 


Chemists have studied thousands of infrared spectra and have determined the 
wavelengths of absorption for each of the functional groups. Correlation charts 
provide summaries of this information. 

A typical correlation chart for the stretching and bending frequencies of 
various groups is shown inside the front cover of this book. From the chart we see 
that OH and NH stretching bands are found between 3000-3700 ст! (2.7-3.3 
ит). (Figure 8.6, the infrared spectrum of 1-hexanol, shows absorption at this 
position.) If the infrared spectrum of a compound of unknown structure shows 
absorption in this region, then we suspect that the compound contains either an 
OH or an NH group in its structure. If this region does not contain an absorption 
band, we conclude that the structure probably does not have an OH group or an 
NH group. 

The region from 1400-4000 ст! (2.5 um to about 7.1 ит), to the left in 
the infrared spectrum, is especially useful for identification ofthe various functional 
groups. This region shows absorption arising from stretching modes. The region 
to the right of 1400 ст! is often quite complex because both stretching and 
bending modes give rise to absorption here. In this region, correlation of an in- 
dividual band with a specific functional group usually cannot be made with 
accuracy ; however, each organic compound has its own unique absorption here. 
This part of the spectrum is therefore called the fingerprint region. Although the 
left-hand portion of a spectrum may appear the same for similar compounds, the 
fingerprint region must also match for two spectra to represent the same compound. 

Figure 8.7 shows the infrared spectra of two alkanes of the formula С.Н, з: 
n-octane and 2-methylheptane. Note that the two spectra are practically identical 
from 1400-4000 cm !, but that the fingerprint regions are slightly different. 

In the following sections, we will discuss the characteristic infrared absorption 
of compounds containing aliphatic C—C and C—H bonds and a few functional 
groups. Our intent is to develop familiarity with the features of typical infrared 
spectra. As we discuss the various functional groups in future chapters, we will 
also include discussions of their infrared spectral characteristics. 


A.  Carbon-carbon and carbon-hydrogen 


Bonds between sp? carbon atoms (C—C single bonds) give rise to weak absorption 
bands in the infrared spectrum. In general, these absorption bands are not very 
useful for structure identification. Bonds between sp? carbons (C=C) often 
exhibit characteristic absorption (variable in strength) around 1600-1700 cm 
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FIGURE 8.7. Infrared spectra of n-octane and 2-methylheptane, showing slight differences 
in the fingerprint regions. Also note the CH absorption peaks. 


(5.8-6.2 um). Aryl carbon-carbon bonds show absorption at slightly lower 
frequencies (to the right in the spectrum). Bonds between sp carbons (C=C) show 
weak, but extremely characteristic, absorption at 2100-2250 ст! (4.4-4.8 ит), 
a region of the spectrum where most other groups show no absorption. 


sp? C=C: 1600-1700 cm ^! (5.8-6.2 um) 
sp? C—C (aryl): 1450-1600 ст! (6.25-6.9 ит) 
sp С=С: 2100-2250 cm ^! (4.44.8 um) 


Almost all organic compounds contain CH bonds. Absorption arising from 
CH stretching is seen at about 2800-3300 cm ^! (3.1-3.75 ит). The CH stretching 
peaks are often useful in determining the hybridization of the carbon atom. In 
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Figure 8.7, the CH absorption is indicated. Spectra showing C— C and CH absorp- 
tion by alkenes, alkynes, and benzene compounds will be presented in Chapters 9 
and 10. 


sp? C—H (alkanes or alkyl groups): 2800-3000 cm ' (3.3-3.6 ит) 
sp? C—H (—CH-—): 3000-3300 cm ! (3.0-3.3 ит) 
sp C—H (=СН): ~ 3300 ст! (3.0 um) 


The geminal- or gem-dimethyl grouping (two methyl groups on the same 
carbon) often exhibits a double CH bending peak in the 1360-1385 cm ^! (7.22- 
7.35 um) region (see Figure 8.7). Unfortunately, the two peaks are not visible in 
all spectra; sometimes only a single peak is observed. 


E 
„С‹Сн,),: 1360-1385 cm ^! (7.22-7.35 ит) (two peaks) 


B.  Haloalkanes 


The stretching absorption of the CX bond of a haloalkane falls in the fingerprint 
region of the infrared spectrum, from 500-1430 cm~ ' (7-20 um) (see Figure 8.8). 
Without additional information, the presence or absence of a band in this region 
cannot be used for verifying the presence of a halogen in an organic compound. 
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FIGURE 8.8. Infrared spectrum of chloroform, a trihaloalkane. 


C. Alcohols and amines 


Alcohols and amines exhibit conspicuous OH or NH stretching absorption at 
3000-3700 cm ^! (2.7-3.3 um), to the left of CH absorption. If there are two 
hydrogens on an amine nitrogen (— NH;), the NH absorption appears as a double 
peak. If there is only one H on the N, then only one peak is observed. Of course, 
if there is no NH (as in the case of a tertiary amine, К; №), then there is no absorp- 
tion in this region. Figure 8.9 shows the spectrum of an alcohol, while Figure 8.10 
(page 322) shows spectra of the three types of amines. 
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FIGURE 8.9. Infrared spectrum of cyclopentanol, an alcohol. 


Alcohols and amines also exhibit C—O and С— М absorption in the finger- 
print region. These bands are not always easy to identify because this region of the 
spectrum often contains a large number of peaks. 


OH or NH: 3000-3700 cm ^! (2.7-3.3 ит) 
C—O or C—N: 900-1300 ст! (8-11 ит) 


Hydrogen bonding changes the position and appearance of an infrared absorption 
band. The spectra in Figures 8.9 and 8.10 are those of pure liquids in which 
hydrogen bonding is extensive. Note that the OH absorption in Figure 8.9 appears 
as a wide band at about 3330 ст! (3.0 ит). When hydrogen bonding is less 
extensive, a sharper, less intense OH peak is observed. Figure 8.11 (page 323) shows 
two partial spectra of an alcohol. One spectrum 15 of a pure liquid (hydrogen 
bonded); the other spectrum 15 of the alcohol in the vapor phase (not hydrogen 
bonded). The differences in OH absorption are apparent in this figure. 
Absorption by NH bonds is less intense than OH absorption, partly because 
of weaker hydrogen bonds in amines and partly because NH bonds are less polar. 


STUDY PROBLEM 


8.3. Figure 8.12 (page 323) gives the infrared spectra of two compounds, I and II, 
both of which appear in the following list. Which is I and which is II? 


(а)  CH,(CH;X4CH, (b) CH,(CH,),CH,OH 
(c) CH,(CH;4N(CH4) (d) CH4CH,CH,CH;NH, 
(е) CHj(CH;,CH,I (f) CH,CH,CH,NHCH, 


D. Ethers 


Ethers have a C—O stretching band that falls in the fingerprint region at 1050-1260 
ст! (7.9-9.5 um). Because oxygen is electronegative, the stretching causes a 
large change in bond moment; therefore, the C—O absorption is usually strong 
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FIGURE 8.10. Infrared spectra of a primary amine, n-propylamine (top); a secondary 
amine, dipropylamine (center); and a tertiary amine, tripropylamine (bottom). 
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FIGURE 8.11. Partial infrared spectra of an alcohol in the vapor and liquid phases, showing 
hydrogen-bonded and nonhydrogen-bonded OH absorption. 
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FIGURE 8.12. Infrared spectra for Problem 8.3. 


324 Chapter 8 Spectroscopy I: Intrared and Nuclear Magnetic Resonance 


Wavelength (um) 


100 25 | 3 4 5 6 7 8 9 10 ils 15 
80 | 
© | 
2 | 
= 
= 60 
= 40 i 
2 
20 CHCH, CH, OCH, CH, CH; | 
0-0 | 
Am 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (cm !) 
FIGURE 8.13. Infrared spectrum of di-n-propyl ether, an ether. 
(see Figure 8.13). Alcohols, esters, and other compounds containing C—O single i 
bonds also show absorption here. | 
STUDY PROBLEM 
8.4. A compound yielded only iodoethane as a product when heated with HI. The 
infrared spectrum of the original compound is shown in Figure 8.14. What is 
its structure? 
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FIGURE 8.14. Infrared spectrum of unknown compound for Problem 8.4. 


E. Carbonyl compounds 


One of the most distinctive bands in an infrared spectrum is the one arising from 
the carbonyl stretching mode. This is a strong peak observed somewhere between 
1640 and 1820 cm ^! (5.5-6.1 ит). 

The carbonyl group is part of a number of functional groups. The exact 
position of the carbonyl absorption, the positions of other absorption bands in 
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the infrared spectrum, and other spectral techniques (particularly nmr) may be 
needed to identify the functional group. The positions of C=O absorption for 
aldehydes, ketones, carboxylic acids, and esters are listed in Table 8.2. 


=————————----=:-———— 
TABLE 8.2. Stretching vibrations tor some carbonyl compounds? 


Position of absorption 


Type of compound ст” ит 
О 
aldehyde, a 1720-1740 5.75-5.80 
O 
ketone, ER 1705-1750 5.70-5.87 
О 
carboxylic acid, M 1700-1725 5.80-5.88 
О 
езїег, сев 1735-1750 5.71-5.76 


“In each сазе. В is saturated and aliphatic. 


Ketones give the simplest spectra of the carbonyl compounds. If a compound 
is an aliphatic ketone, all strong stretching infrared absorption arises from either 
С=О or CH. Other functionality may increase the complexity of the spectrum, 
of course. The infrared spectrum of a ketone is shown in Figure 8.15. 
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FIGURE 8.15. Infrared spectrum of butanone, a ketone. 
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Aldehydes give infrared spectra very similar to those of ketones. The im- 
portant difference between an aldehyde and a ketone is that an aldehyde has an 
H bonded to the carbonyl carbon. This particular CH bond shows two character- 
istic stretching bands (just to the right of the aliphatic CH band) at 2820-2900 
cm ! (3.45-3.55 um) and 2700-2780 ст! (3.60-3.70 jum). Both these CH peaks 
are sharp, but weak, and the peak at 2900 ст! (3.45 ит) may be obscured by 
overlapping absorption of other CH bonds (see Figure 8.16). The aldehyde CH 
also has a very characteristic nmr absorption (see Section 8.7). If the infrared 
spectrum of a compound suggests that the structure is an aldehyde, the nmr 
spectrum should be checked. 
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FIGURE 8.16. Inírared spectrum of butanal, an aldehyde. 

Carboxylic acids exhibit typical C=O absorption and also show a very dis- 
tinctive O—H band, which begins at about 3330 cm ! (3.0 ит) and slopes into the 
aliphatic CH absorption band (Figure 8.17). The reason that a carboxyl OH gives 
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FIGURE 8.17. Inírared spectrum of propanoic acid, a carboxylic acid. 
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a different-looking spectrum from that of an alcohol OH is that carboxylic acids 
form hydrogen-bonded dimers: 


„йс: ык 
о:—н--:09 


Esters exhibit both a typical carbonyl band and a С—О band. The C—O 
band, like that in ethers, is observed in the fingerprint region, 1110-1300 cm ^! 
(7.7-9.0 um) and is sometimes difficult to assign. However, this C—O band is 
strong and, in some cases, may be used to distinguish between esters and ketones. 
See Figure 8.18 for the infrared spectrum of a typical ester. 
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FIGURE 8.18. Infrared spectrum of ethyl pentanoate, an ester. 


STUDY PROBLEM 


One of the two spectra in Figure 8.19 is that of a ketone; the other is of an ester. 
Which is which? 
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FIGURE 8.19. Infrared spectra of unknown compounds for Problem 8.5. (continued) 
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FIGURE 8.19. (continued) Infrared spectra of unknown compounds for Problem 8.5. 
SECTION 8.6. 


Nuclear Magnetic Resonance Spectroscopy 


The infrared spectrum of a compound gives a picture of the different functional 
groups in an organic molecule, but gives only meager clues about the hydro- 
carbon portion of the molecule. Nuclear magnetic resonance (nmr) spectroscopy 
fills this gap by providing a picture of the hydrogen atoms in the molecule. 

Nmr spectroscopy is based upon the absorption of radio waves by certain 
nuclei in organic molecules when they are in a strong magnetic field. Before pro- 
ceeding with a discussion of nmr spectra and their use in organic chemistry, let us 
first consider the physical principles that give rise to the nmr phenomenon. 


A. Origin of the nmr phenomenon 


The nuclei of atoms of all elements can be classified as either having spin or not 
having spin. A nucleus with spin gives rise to a small magnetic field, which is 
described by a nuclear magnetic moment, a vector. 


= rector arrow represents 
K nuclear magnetic moment 


Ф 


To the organic chemist, the important isotopes that have nuclear spin are 
ІН, 13C, and !$F. Equally important is the fact that the common isotopes of 
carbon ('2C) and oxygen (!$O) do not have nuclear spin. While all isotopes that 
have nuclear spin can be used in nmr spectroscopy, they do not all absorb energy at 
the same radiofrequency. The most common isotope studied by nmr methods is j H, 
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the proton; consequently, we will concentrate our discussion on this one isotope. 
Then, in Section 8.12, we will mention '?C spectroscopy. 

In nmr spectroscopy, an external magnetic field is generated by a permanent 
horseshoe magnet oran electromagnet. The strength of this external field is symbol- 
ized Бу Но. and its direction is represented by an arrow. 

Т 


Symbol representing the external magnetic field: H, 

A spinning proton with its nuclear magnetic moment is similar, in many 
respects, to a tiny bar magnet. When molecules containing hydrogen atoms are 
placed in an external magnetic field. the magnetic moment of each hydrogen 
nucleus, or proton, aligns itself in one of two different orientations with respect to 
the external magnetic field. (Keep in mind that it is only the magnetic moments of 
hydrogen nuclei, not molecules, that become aligned.) The two orientations that the 
nuclear magnetic moment may assume are parallel and antiparallel to the external 
field. In the parallel state, the magnetic moment of ihe proton points in the same 
direction as that of the external field. In the antiparallel state, the magnetic moment 
of the proton opposes the external field. At any given time, approximately half the 
protons in a sample are in the parallel state and half are in the antiparallel state. 


^ | 
Гө ӘҮ 


parallel antiparallel 
(ow energy) (high energy) 


The parallel state of a proton is slightly more stable (lower energy) than the 
antiparallel state. When exposed to the proper frequency of radio waves, the 
magnetic moments of a small fraction of the parallel protons absorb energy and 
turn around, or flip, to the higher-energy antiparallel state. The amount of energy 
required to flip the magnetic moment of a proton from parallel to antiparallel 
depends, in part, upon the strength of Но. If Но is increased, the energy difference 
between the parallel and antiparallel states increases. Thus, if Но is increased, the 
nucleus is more resistant to being flipped and higher-energy, higher-frequency 
radiation is required. 

When the particular combination of external magnetic field strength and 
radiofrequency causes a proton to flip from parallel to antiparallel, the proton is 
said to be in resonance (a different type of resonance from that of resonance" 
structures of benzene). The term nuclear magnetic resonance means “nuclei in 
resonance in a magnetic field." 

It would seem that all protons should come into resonance at the same 
combination of Ну and radiofrequency; however, this is not the case. The mag- 
netic field actually observed by a proton in a particular molecule is a combination 
of two fields: (1) the applied external magnetic field (Но) and (2) an induced 
molecular magnetic field, а small magnetic field induced in the molecule by Но. 
The magnetic field observed by a proton is also modified by the spin states of 
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nearby protons, a topic we will discuss later in this chapter. The protons of a 
molecule flip at different combinations of Но and radiofrequency because they 
are in different molecular (and magnetic) environments. Because of the differences 
in the energy absorption by protons, we are able to obtain a spectrum of the 
different types of protons. 


B. The nmr spectrum 


A diagram of an nmr spectrometer is shown in Figure 8.20. The sample is placed 
between the poles of a magnet and is irradiated with radio waves. When the protons 
flip from the parallel to the antiparallel state, the absorption of energy is detected 
by a power indicator. 


sample 


power indicator { E 


radio- 
frequency! 
generator 


FIGURE 8.20. Schematic diagram of an nmr spectrometer. 


In one type of nmr spectrometer, the radiofrequency is held constant at 
60 MHz (60 megaHertz, or 60 x 10° Hz), Но is varied over a small range. and the 
frequency of energy absorption is recorded at the various values for Но. Thus, the 
nmr spectrum is a graph of the amount of energy absorbed (7, or intensity) versus 
magnetic field strength. 

Figure 8.2] shows two nmr spectra of methanol: a reproduction of an actual 
spectrum and an artists copy. On the lower spectrum, we have indicated the 
direction of field sweep from weak Но to strong Но. You can see two principal 
peaks in these spectra. The left-hand peak arises from the OH proton; the right- 
hand peak, from the CH, protons. The protons that flip more easily absorb energy 
at a lower Но; they give rise to an absorption peak downfield (farther to the left). 
The protons that flip with greater difficulty absorb energy at a higher H and givea 
peak that is upfield (to the right). 

Protons in different molecular environments flip at different strengths of the 
applied field because the induced molecular magnetic field can either aid or oppose 
the external magnetic field. (Technically, all induced molecular fields oppose the 
external field; therefore, we are speaking of molecular fields relative to other 
molecular fields.) If the two fields (H and the induced molecular field) oppose one 
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FIGURE 8.21. Nmr spectra of methanol (solvent, СС!4). The upper spectrum is a 
reproduction of an actual spectrum, while the lower one is an artist's rendition. The 
lower spectrum shows the field sweep and chemical shifts. (The fluctuations to the 
right of each signal, called “ringing,” arise from distortion of the magnetic field 
when the sample is scanned rapidly. Ringing is an indication that the instrument is 
properly adjusted.) Upper spectrum © Sadtler Research Laboratories, Division of 
Bio-Rad Laboratories, Inc., 1982. 


another, then a greater applied Но is needed to bring a proton into resonance. In 
this case, the proton is said to be shielded, and we observe its absorption upfield 
in a spectrum. If the two fields add, then less applied Но is needed to bring the 
proton into resonance. This proton 15 deshielded, and the absorption appears 
downfield (see Figure 8.22). 
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molecular field molecular field 
aids Но opposes Ho 


@ FIGURE 8.22. The field observed by a 


proton (p * ) is the applied field plus ог 
minus the induced molecular field. 


Но Но 


Shielding and deshielding are relative terms. In order to obtain quantitative 
measurements, we need a reference point. The compound that has been chosen 
for this reference point is tetramethylsilane (TMS), (CH 4), $1, the protons of which 
absorb to the far right in the nmr spectrum. The absorption for most other protons 
is observed downfield from that of TMS. In practice, a small amount of TMS is 
added directly to the sample, and the peak for TMS is observed on the spectrum 
along with any absorption peaks from the sample compound. The difference 
between the position of absorption of TMS and that of a particular proton is 
called the chemical shift. You can see the TMS peak in the spectra in Figure 8.21, 
where we have also indicated the chemical shifts. 

Chemical shifts are reported in à values, which are expressed as parts per 
million (ppm) of the applied radiofrequency. At 60 MHz, 1.0 ppm is 60 Hz; therefore, 
a ó value of 1.0 ppm is 60 Hz downfield from the position of absorption of TMS, 
which is set at 0 ppm. As may be seen in Figure 8.21, the two types of protons in 
CH 30H have ô values of 3.4 ppm and 4.15 ppm, respectively. (Note that the lower 
scale on an nmr spectrum shows ó values in ppm. The use of the Hz scale at the 
top of an nmr spectrum will be discussed in Section 8.10.) 


SECTION 8.7. 


Types of Induced Molecular Magnetic Fields 


A. Fields induced by sigma electrons 


Any hydrogen atom in an organic compound is bonded to carbon, oxygen, 
or some other atom by a sigma bond. The external magnetic field causes these 
sigma-bond electrons to circulate; the result is a small molecular magnetic field 
that opposes Н, (Figure 8.23). 

Because the induced field opposes the external field, the sigma-bonded proton 
is shielded. It takes a slightly higher external field strength to overcome the effect 
of the induced field in order to bring the proton into resonance; therefore, the 
proton absorbs upfield compared to a hypothetical naked proton. The strength of 
the induced field depends upon the electron density near the hydrogen atom in the 
sigma bond. The higher the electron density, the greater is the induced field (and the 
farther upfield is the observed absorption). 
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circulating sigma-bond electrons 


induced field opposes Но ee 


Ho 


FIGURE 8.23. The induced field from circulating sigma-bond electrons opposes Ho in the 
vicinity of the proton. (For simplicity, the figure shows only one CH bond of an 
organic molecule.) 


The electron density of a carbon-hydrogen covalent bond is affected by the 
electronegativity of the other atoms bonded to the carbon. Let us consider a 
specific example. The CF bond in CH;F is polar: the fluorine atom carries a 
partial negative charge and the carbon atom carries a partial positive charge. 
Because the carbon has a partial positive charge, the electrons in each C—H 
sigma bond are drawn toward the carbon and away from the hydrogen atom. 
Recall from our discussion of carbocation stability that the polarization of bonds 
by positive or negative centers is called the inductive effect. This shift in electron 
density toward an electronegative element (F) is another example of the inductive 
effect. In this case, the result of the electron-withdrawing effect of F is that there is a 
greater electron density around F and a lesser electron density around each hydro- 
gen atom. The protons of CH;F are deshielded and absorb downfield compared 
to the protons of CH,. 


H 
| | Е causes а decrease т 
—C— : а 
H | Е e density around each Н 


H 
The following series of methane and the methyl halides shows increased 


deshielding of the hydrogen nuclei with increasing electronegativity of the atom 
attached to —СН.. 
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SAMPLE PROBLEM 


Which of the circled protons is the most shielded? The most deshielded? What 
are the relative positions of nmr absorption? 


(a CH,CH.C| (b) CH,CH, (с) CH,CH.I 


Solution: Chlorine is more electronegative than iodine, which in turn is more 
electronegative than hydrogen. Therefore, (a) is the most deshielded and absorbs 
downfield: (b) is the most shielded and absorbs upfield, closer to TMS; and 

(С) 15 intermediate. 
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Inasingle molecule, a proton that is attached to the same carbon as an electro- 
negative atom is more deshielded than protons on other carbons. Figure 8.31 
(page 340) shows the spectrum of chloroethane. The peaks at д = 1.5 ppm arise 
from the CH; protons, while the deshielded CH CI protons absorb farther down- 
field, at 6 = 3.55 ppm. (The complexity of these peaks will be discussed later in 
this chapter.) 

The inductive effect of an electronegative atom falls off rapidly when it is 
passed through a number of sigma bonds. In nmr spectra, the inductive effect is 
negligible three carbons away from the electronegative atom. 
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effect of X is / E fm E effect of X is important 
of little importance in decreasing 

in decreasing H—C—C—C—xX e^ density around 

е density | | | this proton 

around this proton H H H 


Most elements encountered in organic compounds are more electronegative 
than carbon. Their inductive effect is one of electron-withdrawal, and protons 
affected by them are deshielded. However, silicon is /ess electronegative than 
carbon. The silicon-carbon bond is polarized such that carbon carries a partial 
negative charge. The electrons in the CH bond of an SICH, group are repelled 
from the negative carbon and pushed toward the hydrogen atoms. In this case, 
the inductive effect is electron-releasing. The protons of an ЅІСН, group are highly 
shielded because of the increased electron density around them. This is the reason 
that the protons of TMS absorb upfield and that TMS provides a good reference 
peak in an nmr spectrum. 


greater e density on Н: highly shielded 


ш 
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CH, 


B. Fields induced by pi electrons 


The magnetic fields induced by pi electrons are directional (that is, unsymmetrical). 
A measurement that varies depending on the direction in which the measurement 
is taken is said to be anisotropic. Because the effects of molecular fields induced 
by pi electrons are direction-dependent, thay are called anisotropic effeets. (These 
effects are contrasted to inductive effects, which are symmetrical around the 
proton.) Anisotropic effects occur in addition to the ever-present molecular fields 
induced by sigma-bond electrons. 

In benzene, the pi electrons are delocalized around the ring. Under the in- 
fluence of an external magnetic field, these pi electrons circulate around the ring. 
This circulation, called ring current, induces a molecular magnetic field with the 
geometry shown in Figure 8.24. (All the benzene rings, of course, do not line up as 
we have represented the ring in Figure 8.24; Figure 8.24 shows the net effect of the 
vector forces.) 

The result of this induced field is that Но is augmented (relatively speaking) 
in the vicinity of the benzene protons. Less applied field is required to bring aryl 
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FIGURE 8.24. Circulating pi electrons т benzene ог aldehydes induce a magnetic field 
that deshields the adjacent protons. (АП six benzene protons аге deshielded.) 


protons into resonance than is necessary for alkyl protons. Therefore, aryl protons 
are deshielded and absorb farther downfield than alkyl protons. 

An analogous situation is observed in the case of a vinylic hydrogen or an 
aldehyde hydrogen. In either case, the pi electrons are set in motion and induce a , 
field that adds to the applied field in the vicinity of the —CH proton (see Figure 
8.24). A proton attached to an sp? carbon of C=O or C=C absorbs downfield 
from an alkyl proton. Figure 8.25 shows the nmr spectrum of a compound with 
aryl protons, vinylic protons, and a СН, group. In this spectrum, it is evident that 
the vinylic protons absorb downfield from CH, protons and that aryl protons 
absorb even farther downfield. 

Figure 8.26 shows the spectrum of an aldehyde. The aldehyde proton is 
shifted downfield both by anisotropic effects and by electron-withdrawal by the 
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FIGURE 8.25. Nmr spectrum of 2-phenylpropene, showing absorption by aryl, vinylic, and 
methyl protons. 
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FIGURE 8.26. Nmr spectrum of ethanal (acetaldehyde), showing the offset scan for the 
aldehyde proton. 


carbonyl oxygen. The combination of effects results in absorption that is far 
downfield (9—10 ppm), outside the normal scan for an nmr spectrometer. Instru- 
ment design allows scanning at field strengths that are lower than normal; the 
scan of this region (8—20 ppm), traced above the standard nmr scan, is called an 
offset scan. 


C. Summary of induced-field effects 


The presence of an electronegative atom causes a decrease in electron density 
around a proton by the inductive effect. Such a proton is deshielded and absorbs 
downfield. In aromatic compounds, alkenes, and aldehydes, a proton attached to 
the sp? carbon is deshielded by anisotropic effects and absorbs even farther down- 
field. The absorption positions are summarized in Figure 8.27. A chart inside the 
front cover lists the д values for a number of types of protons. 
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FIGURE 8.27. Relative positions of proton absorption in the nmr spectrum. 
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SECTION 8.8. 


Counting the Protons 


A. Equivalent and nonequivalent protons 


Protons that are in the same magnetic environment in a molecule have the same 
chemical shift in an nmr spectrum. Such protons are said to be magnetically 
equivalent protons. Protons that are in different magnetic environments have 
different chemical shifts and are said to be nonequivalent protons. 

Magnetically equivalent protons in nmr spectroscopy are generally the same 
as chemically equivalent protons. In chloroethane, the three methyl protons are 
magnetically equivalent and are also chemically equivalent. To see that they are 
chemically equivalent, imagine a chemical reaction in which one of these three 
protons is replaced by another atom, such as bromine. If only one product can 
result. regardless of which proton is replaced, then the protons are chemically 
equivalent. In the following example, note that replacement of any of the methyl 
protons by Br leads to the same compound, 1-bromo-2-chloroethane. 


ou — If any Н is replaced by Br. 


—' H ? d Н only one bromo compound is obtained. 
ur x] "€ | 
таре > ча 
| 
H = H 


The two protons of the СН,СІ group are also magnetically and chemically 
equivalent to each other. However, the three protons of the CH; group are not 
equivalent to the two СН,СІ protons. 


three equivalent protons two equivalent protons 
(bur nonequivalent to CH) — JC (Биг nonequivalent то CH3) 


CH,CH,CI 


The three CH, protons have the same chemical shift and absorb at the same 
position in the nmr spectrum. The two CH, protons are deshielded compared to 
the methyl protons and have a greater chemical shift. A low-resolution spectrum 
of chloroethane would look like the stylized spectrum shown in Figure 8.28. 
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FIGURE 8.28. Stylized low-resolution nmr spectrum of CH4CH.CI. 
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In chloroethene, the proton cis to the Cl atom is in a different environment 
from that of the trans-proton. Both of these protons are in different environments 
from that of the proton on the C—CI carbon. In chloroethene, all three protons 
are nonequivalent. 

их to Cl 
CI nu 
wm 
Ух 
H Hw trans to Cl 
chloroethene 
(vinyl chloride) 


three nonequivalent protons 


SAMPLE PROBLEM 


Which protons in p-chlorotoluene (1-chloro-4-methylbenzene) are chemically 
equivalent, and which are nonequivalent? 


Solution: H, H, 
the three methyl protons are equivalent ; 
9 the two H,'s are equivalent; 
H,C CI w 
: the two IT,'s are equivalent; 
the methyl protons, H,,, and НИ, are nonequiralent 
H, H; 


B. Areas under the peaks 


If we measure the areas under the peaks in an nmr spectrum, we find that the 
areas are in the same ratio as the number of protons that give rise to each signal. 
In the case of chloroethane (Figure 8.29), the ratio is 2:3. (Note that the height of 
the peak is not the important feature, but rather the area under the peak.) 


ratio of areas under peaks, 2:3 


CICH, CH; 


FIGURE 8.29. Stylized low-resolution nmr spectrum of CH,CH,Cl, showing areas under 
the peaks. 


SAMPLE PROBLEM 


How many types of equivalent protons are there in each of the following 
structures? What would be the relative areas under the nmr absorption bands? 


(a) (CH 3),CHCI (b CH;CH;OCH;CH; (c) TOS 


un 
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Solution: atwo. bili (b) two, 312: (three. 3:22 (3 for CH,. 2 foraryl 
protons adjacent to the oxygen, 2 for aryl protons adjacent to CI). 


Most nmr spectrometers are equipped with integrators, which give a signal 
that shows the relative areas under the peaks ina spectrum. The integration appears 
as a series of steps superimposed upon the nmr spectrum; the height of the step 
over each absorpuon peak is proportional to the area under that peak. From the 
relative heights of the steps on the integration curve, the relative areas under the 
peaks may be determined. In Figure 8.50, the heights of the steps of the integration 
curve were measured with a ruler and found to be 33 mm, 100 mm, and 50 mm. For 
determining the relative numbers of equivalent protons, these values are converted 
to ratios of small whole numbers, 2:6:3. We can compare these values with the 
numbers of protons in the known structure of 1-bromo-2,4.6-trimethylbenzene 
and, indeed, the values agree. 
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FIGURE 8.30. Nmr spectrum of 1-bromo-2,4,6-trimethylbenzene, showing an integration 
curve. 


In this text, we will not show the integration lines in the spectra, but will 
indicate relative areas as numbers directly above the proton absorption peaks, 
as shown in Figure 8.31. 
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FIGURE 8.31. Nmr spectrum of chloroethane, СН-СН.„С!. 


SAMPLE PROBLEM 


The heights of four steps of an integration curve were measured to be 90 mm, 
36 mm. 37 mm, and 54 mm. Calculate the ratio of the different types of protons 
in the sample compound. 


Solution: 
E Divide each height by the smallest one (36 mm in this case): 


90 mm Б 36 mm 37 mm 34mm 
= ex 25 == = == 


= (5 


36 тт у 36 mm | 36 mm | 36 mm 


245 Multiply the quotients by the integer that will convert them to the smallest 
whole numbers possible (rounding off. if necessary). In this case. 
multiplying by 2 gives the ratio of 5:2:2:3. Therefore, the ratio of the 
numbers of nonequivalent protons is 5:2:2:3. 


SECTION 8.9. 


Spin-Spin Coupling 


The spectrum of chloroethane in Figures 8.28 and 8.29 is a stylized low-resolution 
spectrum. If we increase the resolution (that is. the sensitivity). the peaks are 
resolved, or split, into groups of peaks (see Figure 8.31). This type of splitting is 
called spin-spin splitting and is caused by the presence of ricinal. or neighboring, 
protons (protons on an adjacent carbon) that are nonequivalent to the proton in 
question. Protons that split the signals of each other are said to have undergone 
spin-spin coupling. 


these protons split these protons split 
the signal for the signal for 
the CH, owl Сх the СН. protons 


CH,CH,Cl 
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Why do protons undergo spin-spin coupling? The splitting of the signal 
arises from the two spin states (parallel and antiparallel) of the neighboring 
protons. 


мепа tor H split by the two spin states of Hp 


^ 


i 

г H, j^ m 
—.9-0— i, = = = 
| UP 
parallel antiparallel 


The spin of a proton generates a magnetic moment. If the spin of the neighboring 
proton (H, in the preceding formula) is parallel, its magnetic moment adds to 
the applied magnetic field; consequently, the first proton (H, in the preceding 
formula) sees a slightly stronger field and comes into resonance at a slightly lower 
applied field strength. If the neighboring proton is in the antiparallel state, its 
magnetic moment decreases the magnetic field around the first proton. In this case, 
it takes slightly more applied Но for that proton to come into resonance. Because 
approximately half of the H, nuclei are parallel and half are antiparallel at any 
given time, we might say that there are two types of H, in the sample: those with a 
neighboring H, in a parallel spin state and those with a neighboring H, in an anti- 
parallel spin state. Consequently, we observe two peaks for H, instead of just one. 

For many compounds, we can predict the number of spin-spin splitting 
peaks in the nmr absorption of a particular proton (or a group of equivalent 
protons) by counting the number (n) of neighboring protons nonequivalent to the 
proton in question and adding 1. This is called the п + 1 rule. 


Te RUNE C CERE 
These three equivalent protons see 
nro neighboring. nonequivalent | A three neighboring. nonequivalent 


protons. Their nmr band is split | protons. Their nmr band is split 
into 3 + l, or 4, peaks. 


nto 2 = 1. or 3, peaks. 

Protons that have the same chemical shift do not split the signals of each 
other. Only neighboring protons that have different chemical shifts cause splitting. 
Some examples follow: 


These two equivalent protons see 


Y Y 


C Hs = 


no neighboring Н (Ell Cl 
not split p 
CH;O NO, one neighboring, nonequivalent Н: 
Н, split into two 
one neighboring. nonequiwalent H : H ТЕР 4 
H, B 


H, split into two зи 


H H 
is 
аа” H H 
CH; EE н 
twelre equivalent Н`5 six equivalent H^s 


no splitting no splitting 
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In some cases, the magnetic environments of chemically nonequivalent 
protons are so similar that the protons exhibit identical chemical shifts. In this case, 
no splitting is observed. For example, toluene has four groups of chemically 
nonequivalent protons, yet the nmr spectrum shows only two absorption peaks (one 
for the CH, protons and one for the ring protons). 
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H H 
m uc Ev peak 
one peak H e GH, 
H H 
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In summary, the chemical shift for a particular proton is determined by the 
molecular magnetic field surrounding it. The area under an absorption band is 
determined by the number of equivalent protons giving rise to the particular 
signal. Spin-spin splitting of a signal is dependent on the number of neighboring 
protons nonequivalent to the proton giving the signal. 


SAMPLE PROBLEM 


8.6. 


Predict the spin-spin splitting patterns for the protons in 2-chloropropane. 


Solution: H.C this band is split into 
a y ys 1, or 7, peaks 
67 
P 
[BL C 


this band is split into 
1 + 1, or 2, peaks 


STUDY PROBLEM 


Using Шел + 1 rule, predict the number of nmr peaks for each of the indicated 
protons: 


(a) (сы, (b CHCH CH, (с) (CHj,CH (d) (CH,),CH 


SECTION 8.10. 


Splitting Patterns 


A. The singlet 


A proton with no neighboring protons magnetically nonequivalent to it shows a 
single peak, called a singlet, in the nmr spectrum. Figure 8.32, the nmr spectrum of 
p-methoxybenzaldehyde, shows two singlets: one for the CH}O— protons and 
one for the —CHO proton. 
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FIGURE 8.32. Nmr spectrum of p-methoxybenzaldehyde. 


STUDY PROBLEMS 


8.7. | Which of the following compounds would show at least one singlet in the nmr 
spectrum? 
(а) CH,CH, (b (CHj;CHCH(CH,. (е) (CHj,CCI 


(d) CI,CCHCI, (e) CIS((CH;), 


8.8. How many peaks would you expect to observe in the nmr spectra of 
(a) cyclohexane, and (Б) benzene? 


B. The doublet 


А proton with one neighboring, nonequivalent proton gives a signal that is split 
into a double peak, or doublet. In the following example, a pair of doublets is 
produced, one for each proton. 


Н. gives а doublet SS m H, also gires a doublet 
H, H, 
PT 
= 
INE 


In the nmr spectrum of the preceding hypothetical structure, the д value for 
each proton is the value at the center of the doublet (see Figure 8.33). The relative 
areas under the entire doublets in this case are 1:1, reflecting the fact that each 
doublet arises from the absorption by one proton. (The two peaks within any 
doublet also have an area ratio that is ideally 1:1, but may be slightly different, as 
may be seen for the aryl protons in Figure 8.32.) 
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FIGURE 8.33. Spin-spin splitting pattern for ELO 


The separation between the two peaks of a doublet is called the coupling 
constant J, and varies with the environment of the protons and their geometric 
relationship to each other. (Because splitting patterns are caused by internal forces, 
coupling constants are independent of the strength of Но.) The symbol J,, means 
the coupling constant for H, split by H, or for H, split by H,. For any pair of 
coupled protons, the J value is the same in each of the two doublets. By convention, 
J values are reported in Hz; therefore, the Hz scale at the top of an nmr spectrum 
is used to determine coupling constants. For a pair of neighboring, nonequivalent 
protons attached to freely rotating carbons, the J value is about 7 Hz. 

Figure 8.32, the nmr spectrum of p-methoxybenzaldehyde, shows a pair of 
doublets in the aromatic region. The two protons labeled H, are equivalent, as 
are the two H, protons. H, and H, are nonequivalent to each other and are neigh- 
boring: their signals are split into a pair of doublets. Note that the peaks within the 
doublets are not perfectly symmetrical; the inside peaks of a doublet are taller. 
This phenomenon is called leaning. 


STUDY PROBLEM 


8.9. Each of the following indicated protons or groups of protons gives rise to a 
doublet in the nmr spectrum. Tell how many peaks arise from the signal for the 
other, single proton. (Use the n + 1 rule.) 


(a) ПЕ ll (b) Bs (c) = ФН 


SAMPLE PROBLEMS 


Which of the following compounds would show a doublet (as well as other 
signals) in its nmr spectrum? 


(a сН.сна, (Ы) CH,CH,CH,C| (с) CH,CHCICH, ‘a 


Solution: Underlined protons would appear as doublets: (a) CH;CHCI,: 
(b) no doublet; (с) CH,;,CHCICH; as one doublet and not as a pair of 
doublets. (Why?) 


8.10. 


500 


8.0 


Splitting Patterns Section 8.10. 


Give the total relative areas under all of the absorption bands for the compounds 
in the preceding problem. 


Solution: (а)3:1 (6) 2:2:2 (0) 6:1 


Tell how тапу singlets and how many doublets would appear in the nmr 
spectrum of each of the following substituted benzenes: 


Solution: (a) two singlets (СН, and OCH,) and two doublets for the aryl 
protons; (b) one singlet (NH;) and two doublets. (A pair of doublets in the 
aryl region is typical of 1.4-disubstituted benzenes.) 


STUDY PROBLEM 


O 


| 
The nmr spectrum of an aryl ketone (ArCR), CHClO, is shown in Figure 8.34. 
What is the structure of this compound ? 
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FIGURE 8.34. Nmr spectrum for unknown aryl ketone in Problem 8.10. 
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C. The triplet 


If a proton (H,) sees two neighboring protons equivalent to each other, but not 
equivalent to itself, the nmr signal of H, is a triplet (2 + 1 = 3). If the two protons 
labeled H, are equivalent, they give a signal that is split into a doublet by H,. 


H, sees two neighboring Is. H, sees one neighboring H. 


signal is a triplet —~, m 9 signal is a doublet 
a H, 
Жо 
—C—C—H, 


The nmr absorption pattern for all three protons in the preceding partial 
structure consists of a doublet and a triplet. The peaks in the triplet each are 
separated by the same J value as that for the doublet. The total width of the triplet 
(from side peak to side peak) is therefore 2J (see Figure 8.35). The areas under the 
entire triplet and the entire doublet in our example are in the ratio of 1 for H, to 2 
for H,. (The relative areas within the triplet, however, are in a ratio of 1:2:1. 
The reasons for this will be discussed in Section 8.11.) 


ófoH, = E— wor hs 


PE Нь 
| 
FIGURE 8.35. Spin-spin splitting pattern for жт" 5 


The nmr spectrum of 1,1,2-trichloroethane, which has a doublet and a triplet, 
is found in Figure 8.36. 


CI | more shielded: upfield 
sees one H: doublet 


| А 
Ea x ie | relative total area. 
H 


- [ less shielded: downfield 


| sees two Н`5 triplet 


relatire total area; 1 


STUDY PROBLEM 


8.11. Suggest a reason for the fact that the proton in the СІ,СН group in 
1,1,2-trichloroethane is less shielded than the protons in the CH;CI group. 
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FIGURE 8.36. Nmr spectrum of 1,1,2-trichloroethane. 


SAMPLE PROBLEM 


Which of the following compounds shows a triplet (among other signals) in the 
nmr? How many triplets will each compound show? 


Cl OCH, 


(a) CH;CH; (b) ссн (С) (с) С1„СнНСНн›,СНнС1, 


Solution: (a) two triplets. one for each CH;; (Б) опе triplet for СНз; (c)two 
triplets. Н, split by two H,'s and Н, split by two Н, 5. 
H, H, H, 


| 
ыза oct 


Н, 


STUDY PROBLEM 


8.12. Figure 8.37 (page 348) shows the nmr spectrum of 2-phenylethyl acetate. Assign 
each signal to the proper protons 


D. The quartet 


Consider a compound with a methyl group and one nonequivalent proton on the 
adjacent carbon. 


quartet for H; H, H, doublet for CH 4(H;) 
SCC Als 


bw 
H, 
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FIGURE 8.37. Nmr spectrum of 2-phenylethyl acetate. 


The three equivalent methyl protons (H,) see one neighboring proton and appear 
in the spectrum as a doublet, the total relative area of which is 3 (for three protons). 

The signal arising from H, is observed as a quartet (3 + 1) because it sees 
three neighboring protons. The J values between each pair of peaks in the quartet is 
the same as the J value between the peaks in the doublet. In our example. the | 
total area under the quartet for H, is 1. (The area ratio within a quartet is 1:3:3:1; 
see Figure 8.38.) 


JR 
<> i 
3J 
ab 
| | | 
" 
[Lasers e REA КАКУ И ME ae T 
8 for Ha 5 for H, 
H, Нь 


FIGURE 8.38. Spin-spin splitting pattern for —С—С—Нь. 
и | 
Hp 


The ethvl group (CH4CH , —). which is very common in organic compounds, 
exhibits a characteristic nmr pattern— a triplet and a quartet. 


CH, sees two neighboring H s and is split into a triplet 


i 


CH Са 


CH, sees three neighboring H s and is split into a quartet 


— 


300 


8.13. 
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The chemical shifts of an ethyl group are also characteristic. The CH; is 
often bonded to an electronegative atom, such as oxygen, which deshields the 
CH, protons. The quartet is thus observed downfield, while the triplet for the 
more shielded СН, group is observed upfield. The nmr spectrum of chloroethane 
(Figure 8.31, page 340) shows typical ethyl absorption. Figure 8.39 contains 
another example of ап nmr spectrum that shows an ethyl pattern: an upfield 
triplet and a downfield quartet. 


400 300 200 100 0 Hz 


TMS 
7.0 6.0 5.0 40 3.0 2.0 1.0 Оррт 
FIGURE 8.39. Nmr spectrum showing a typical ethyl pattern. 
STUDY PROBLEM 
Match each nmr spectrum in Figure 8.40 (pages 350-351) with a compound in 
the following list: 
(a CH,;CO,CH,CH, (b) cu ci, (с) CH;CO,CH(CH;), 
(d) CH,CH;CH;NO, (е) CH,CH,I (f) (CHj;CHNO, 


E. Chemical exchange and hydrogen bonding 


On the basis of the preceding discussions, one would expect the nmr spectrum of 
methanol (Figure 8.21, page 331) to show a doublet (for the СН» protons) and a 
quartet (for the OH proton). If the spectrum of methanol is run at a very low 
temperature ( — 40°), this is exactly what is observed. However, if the spectrum is 
run at room temperature, only two singlets are observed. 

The reason for this behavior of methanol is that alcohol molecules undergo 
rapid reaction with each other at room temperature in the presence of a trace of 
acid, exchanging OH protons in a process called chemical exchange. This exchange 
is so rapid that neighboring protons cannot distinguish any differences in spin 
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FIGURE 8.40. Nmr spectra for Problem 8.13. (continued) 


states and thus see only the average value of zero [(+1) + (—3) = 0]. Amines 
(RNH, and R;NH) also undergo chemical exchange. 


CHA ra == ge a= ОШОН Ы 
H H 
Of more practical importance to most organic chemists is the fact that the 
chemical shifts of OH and NH protons are solvent- and concentration-dependent 


because of hydrogen bonding. In a nonhydrogen-bonding solvent (such as СС1„) 
and at low concentrations (1% or less), OH proton absorption is observed at 
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FIGURE 8.40. (continued) Nmr spectra for Problem 8.13. 


a д value of about 0.5 ppm. At the more usual, higher concentrations, the ab- 
sorption is observed in the 4-5.5 ppm region because of hydrogen bonding between 
CHOH molecules. In hydrogen-bonding solvents, the OH proton absorption can 
be shifted even farther downfield. 


F. Other factors that affect splitting patterns 


The spin-spin splitting patterns we have been discussing in this chapter are 
idealized cases. Most nmr spectra are more complex than those we have been using 
as examples. The complexity arises from a number of factors, of which we will 
mention only two. One factor that adds complexity to an nmr spectrum is the 
nonequivalence of neighboring protons: 


| 
CICH,C H CH signal is split by three types of 


nonequivalent, neighboring H's 


CHCl, 


Another factor that adds complexity is the magnitude of the chemical shift. 
The n + 1 splitting patterns are truly apparent in an nmr spectrum only if the 
signals for coupled protons are separated from one another by a fairly large 
chemical shift. When the chemical shifts are close, the inside peaks of a multiplet 
Increase in size, while the outside peaks decrease in size. This is the phenomenon of 
leaning, mentioned previously. When chemical shifts become very close, the peaks 
can coalesce into a singlet. 

Figure 8.41 is the nmr spectrum of a typical alkane, n-octane. The chemical 
shifts of the CH, groups are all about the same (6 = 1.27 ppm); the СН, signal is a 
single, rather broad peak. The two methyl groups, which are equivalent to each 
other, are shielded compared to the methylene protons and absorb at a slightly 
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FIGURE 8.41. Nmr spectrum of n-octane. 


higher field strength (6 = 0.83 ppm). According to spin-spin splitting rules, the 
methyl absorption should be a triplet. With a little imagination, you can see the 
triplet leaning toward the methylene absorption peak. 


SECTION 8.11. 


Spin-Spin Splitting Diagrams 


A spin-spin splitting diagram, also called a tree diagram, is a convenient technique for 
the analysis of splitting patterns. Let us consider H, in the simple partial structure 
2CH,—CH,. The splitting of the signal for H, into a doublet by H, may be 
symbolized by the following tree diagram, which we “read” starting at the top 
and moving toward the bottom. 

H, 


1) Signal for H, if it und $ 
(3) The line represents the m vi A оол bn. сы 
absorption peak. Its р Я 
height is proportional (2) о UD 
to the area under the peak. spin states of Hy 


© ys (4) The distance between 
the lines is Jop. 
1 Drs 


1 


ratio of areas (1:1) 
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The splitung of the signal for H, by the spin states of H, may be represented 
by a similar tree diagram. These two diagrams may then be superimposed on an 
nmr spectrum (see Figure 8.42). 


H, H, 


A pos Ja А. 
, М NE Nx 


8 ior H, ô for Hp 


FIGURE 8.42. Spin-spin splitting pattern of two nonequivalent neighboring H's. 


The tree diagram describing triplet is a direct extension of that for a doublet. 
Consider the absorption pattern for H, in the following grouping: 


"y 
—=6—6 зи, 
le 4 
In this case, H, sees two neighboring protons and is split into a triplet. The 

coupling constant is J,,. The triplet comes about because the peak for Н, is split 
twice, once for each H,. Using a tree diagram, we can see the result of each of the 
two splits. H, is first split into a pair of doublets, then the resulting two peaks are 
split again. We observe a triplet because the center two peaks absorb at the same 
position in the nmr. Consequently, the area of the center peak of the triplet is 
twice that of the two outside peaks. 


H 


a 


П no coupling 


= with one H, 


us < 


Job 
each peak further split by 
к е coupling with the other H, 
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ы 
~ 
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SAMPLE PROBLEMS 


Draw a spin-spin splitting diagram for H,, of the following system, where 
Jom = 10 Hz and Л,, = 5 Hz: 


DEER 
H, H, H, 
Solution: Н,, 


з 


- FA 


F 1 

Note that the absorption pattern is not a triplet, as would be predicted by the 
n + 1 rule. Instead, four distinct lines of equal heights are observed because the 
coupling constants Jam and J,,, are not equal. 
Draw a splitting diagram for the absorption of H, in the partial structure 

| 

Pipes а 
Н, 


Solution: H, 


all J values = J,. 
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The original signal ts split three times. The 1:3:3:1 ratio of the areas arises from 
the faci rhat all the protons have the same coupling constant and consequently 
have superimposed absorption positions. 


SECTION 8.12. 


Carbon-13 Nmr Spectroscopy 


Proton, or !H, nmr spectroscopy provides a picture of the hydrogen atoms in an 
organic molecule. Carbon-13, or !^C, nmr spectrometers produce a picture of 
the carbons in an organic molecule. Carbon-13 spectra are not as widely used as 
proton spectra today, partly because ! H nmr was developed first. We can expect a 
greater emphasis upon this new tool in the years ahead. 

In ‘Н nmr spectroscopy, we are dealing with the common natural isotope of 
hydrogen; 99.985% of natural hydrogen atoms are 1H. However, 98.9% of the 
carbon atoms in nature are ! 2C, an isotope with nuclei that have no spin. Carbon-13 
constitutes only 1.1% of naturally occurring carbon atoms. Also, the transition of 
a !^C nucleus from parallel to antiparallel is a low-energy transition. A 1°C nmr 
spectrometer must be extremely sensitive (about 6000 times more sensitive than 
a standard ! H nmr instrument) to detect flips that are both few in number and low 
in energy absorption. However, recent advances in instrumentation allow the 
normally weak !?C signals to be rapidly differentiated from background “noise.” 

While the low abundance of !3C nuclei complicates instrument design, it also 
reduces the complexity of !?^C spectra compared to ЇН spectra. Although adjacent 
13С nuclei in a molecule will split each other's signals, the chances of finding 
adjacent 1°C nuclei are very small. For this reason, по !?C- ?C splitting patterns 
are observed in !?C spectra. On the negative side, the low abundance of !?C 
nuclei means that the areas under the peaks are not necessarily proportional to 
the actual number of carbons in the sample. Area analysis is not used іп !^C nmr 
as it is in ! H nmr. 

There are two principal types of !?C spectra: those that show !?C-!H 
spin-spin splitting patterns and those that do not. These two types of spectra are 
frequently used in conjunction with each other. In both types of spectra, TMS is 
used as an internal standard, and chemical shifts are measured downfield from 
the TMS peak. The chemical shifts in !*C nmr are far greater than those observed 
in ЇН nmr. Most protons in ЇН nmr spectra show absorption between 6 values of 
0-10 ppm downfield from TMS; only a few, such as aldehyde or carboxy] protons, 
show peaks outside this range. Carbon-13 absorption is observed over a range of 
0-200 ppm downfield from TMS. This large range of chemical shifts is another 
factor that simplifies ! C spectra compared to ЇН spectra: in ! ^C spectra we are 
less likely to observe overlapping absorption. 

The relative shifts in 1°C nmr spectroscopy are roughly parallel to those in 
ІН nmr spectroscopy. TMS absorbs upfield, while aldehyde and carboxy] carbons 
absorb far downfield. Figure 8.43 shows the general locations of absorption by 
different types of carbon atoms. 
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ester, amide, and carboxyl С 


alkene and aromatic C 
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FIGURE 8.43. Relative positions of 13С nmr absorption. 


A.  Proton-decoupled spectra 


A !?C proton-decoupled spectrum is, as the name implies, a spectrum in which !?C 
is not coupled with !H and thus shows no spin-spin splitting. Decoupling is 
accomplished electronically by the application of a second radiofrequency to the 
sample. This extra energy causes rapid interconversions between the parallel 
and antiparallel spin states of the protons. As a result, a 1°C nucleus sees only an 
average of the two spin states of the protons, and its signal is not split. 

Because there is no splitting in a proton-decoupled spectrum, the signal for 
each group of magnetically equivalent carbon atoms appears as a singlet. By 
simply counting the number of peaks in the spectrum, we can determine the 
number of different types of carbon atoms in a molecule of the sample. 

Figure 8.44 shows the proton-decoupled !?C nmr spectrum of n-octane, a 
compound containing four types of nonequivalent carbons (carbons 1 and 8, 
carbons 2 and 7, carbons 3 and 6, carbons 4 and 5). The spectrum shows four 
singlets. Compare this spectrum with the 'H spectrum of n-octane in Figure 8.41 
(page 352). In the ! H spectrum, the proton signals are crowded together in the 
0-1.5 ppm area, and analysis of the peaks is impossible. In the !?C spectrum, 
the signals are farther apart, in the 0-35 ppm range, and are easily distinguished. 


CH4CH;CH,CH;CH,CH;CH,CH; 
\ 


А 


FIGURE 8.44. The proton-decoupled '3C nmr spectrum of n-octane. 
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B.  Proton-coupled spectra 

The second common type of ‘С nmr spectra is the type in which the '*C-!H 
splitting i5 not suppressed. In this case, the signal for each carbon is split by the 
protons bonded directly to it. Asin Н nmr spectroscopy. the n + 1 rule is followed. 
In! ^C nmr, n is the number of hydrogen atoms bonded to the carbon in question. 


—— ont He doublet 


„—т Hse singlet |^ 
—c-— —CH 

eo two НГА triplet eo three Ну quartet 
— 
CH; ОН. 


An impressive amount of information can be deduced about the structure of 
a compound when the proton-coupled and the proton-decoupled spectra of the 
compound are compared. Consider the two spectra of vinyl acetate shown in 
Figure 8.45. Inspection of the spectra reveals that the carbonyl carbon at 6 = 169 
ppm is a singlet in both spectra; therefore, this carbon is not bonded to any 
hydrogens. The signal for the CH4,CO;CH-—CH, carbon is split into a doublet 
in the coupled spectrum, indicating one bonded H. Similarly, the CH, signal at 
д = 98 ppm is a triplet. and the CH; signal at ô = 20 ppm is a quartet. 


[i 
CH,COCH=CH, 


FIGURE 8.45. Coupled (top) and decoupled (bottom) 13С nmr spectra of vinyl acetate. 
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STUDY PROBLEM 


Figure 8.46 shows the ЇН and '?C nmr spectra of a compound with the molecular 
formula СН, , O; Br. What is the structure of this compound? 


400 300 200 = 100 — 


273. | 1 i 


FIGURE 8.46. 'H and 13С nmr spectra for Problem 8.14. 


Percent transmittance 
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SECTION 8.13. 


Using Infrared and Nmr Spectra for the 
Identification of Organic Structures 


Because 1°C nmr spectrometers are not yet widely used (especially by students), 
we will limit our discussion in this section to ЇН nmr spectroscopy. Also, through- 
out the rest of the book, when we speak of nmr spectroscopy, we are referring only 
to ЇН nmr. l 

From an infrared spectrum, we can deduce the identities of functional groups. 
Froma proton nmr spectrum, we can often deduce the structure of the hydrocarbon 
portion of a molecule. Sometimes it is possible to deduce the complete structure 
of a compound from just the infrared and nmr spectra. More commonly, additional 
information is needed (such as chemical reactivity, elemental analysis, or other 
spectra). In this text, we provide additional information generally in the form 
of a molecular formula. From the molecular formala, we can calculate the number 
of rings or double bonds. (Example: C,H, ; 1s C,H;,; the structure contains either 
one double bond or a ring.) We can determine fragments of the structure from the 
spectra. Then, we try to match the fragments with the molecular formula. 


SAMPLE PROBLEM 


A compound has a molecular formula of С,Н„О. Its infrared and nmr spectra 
are given in Figure 8.37. What is the structure of this compound? 


Solution: From the molecular formula, we know that the compound has one 
oxygen; therefore, the compound must be an alcohol, an ether, an aldehyde, or a 
ketone. Because the molecular formula is of the type C,H,,O, we know that the 
structure contains either one double bond (C=C or C=O) or one ring. To 
distinguish between the possible functional groups, we use the infrared spectrum. 
We see strong absorption in the C=O region of 1750 cm ^! (5.8 um). We 
conclude that the oxygen is not in a hydroxyl group or ether group, but rather 

15 in a carbonyl group (aldehyde or ketone). This means, then, that no ring 

15 present. 
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FIGURE 8.47. Spectra for C4H&,O, Sample Problem. (continued) 
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FIGURE 8.47. (continued) Spectra for СУНЬО, Sample Problem. 


In the nmr spectrum, we see no downfield, offset absorption: we conclude 
that the compound is a ketone, rather than an aldehyde. The rest of the nmr 
spectrum shows only a singlet; therefore all six hydrogens are equivalent and 
have no neighboring, nonequivalent hydrogens. The compound must be 
propanone (acetone): (CH;),C=O. 


STUDY PROBLEMS 


8.15. A compound has the formula C,H,O. Its infrared and nmr spectra are given in 
Figure 8.48. What is the structure of this compound? 


8.16. Figure 8.49 shows the infrared and nmr spectra for a compound with the 
molecular formula C;H4O. What is the structure of this compound? 
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FIGURE 8.48. Spectra for C,H,O, Problem 8.15. (continued) 
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FIGURE 8.48. (continued) Spectra for C3HgO, Problem 8.15. 
Wavelength (um) 
100 25 3 4 5 6 7 8 Su 12 15 
$0 
3 
= 
= 60 
= 40 
3 
“б 
0 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (ст !) 
500 400 300 200 100 0 Hz 


un 


8.0 70 6.0 SUME 40 6 2.0 го Oper 


FIGURE 8.49. Spectra tor C;H4O, Problem 8.16. 
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8.17. Figure 8.50 shows nmr and infrared spectra Гог a compound with the molecular 
formula C,H;CIO,. What is the structure of the compound? 
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FIGURE 8.50. Spectra for C4H;CIO;, Problem 8.17. 
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Summary 


Organic compounds can absorb electromagnetic radiation of various wavelengths. 
Absorption in the infrared region results in vibrational excitations of bonds. 
Different types of bonds require differing amounts of energy for vibrational 
excitations. In an infrared spectrum, the region of 1400-4000 ст! (2.5-7.1 um) 
is useful for determination of functional groups, while the region beyond is the 
fingerprint region. 

Nuclear magnetic resonance is the result of protons in a magnetic field (Но) 
absorbing electromagnetic radiation in the radiofrequency region and flipping from 
the parallel to the antiparallel spin state. An induced molecular magnetic field can 
shield protons (oppose Но) or deshield protons (*augment" Но) and cause а 
chemical shift (д) of the absorption band. The induced field is a result of aniso- 
tropic effects and inductive effects. A shielded proton absorbs upfield, close to the 
reference TMS, while a deshielded proton absorbs downfield. 


O О Cl 


|| | | 
RCOH ВСН (Он R,C=CHR RCH RH TMS 


increasing shielding 


Spin-spin splitting of an absorption band results from the spin states of 
neighboring nonequivalent protons. The signal of a particular proton (or group of 
equivalent protons) is split into n + 1 peaks, where n is the number of neighboring 
protons equivalent to each other, but nonequivalent to the proton in question. 

The distance (in Hz) between any two peaks in a split band is the coupling 
constant J. For protons that are coupled (splitting the signals of each other), the 
J values are the same. 

The area under an entire absorption band is proportional to the relative 
number of protons giving rise to that signal. 

Carbon-13 nmr spectra show the absorption frequencies of 1°C atoms 
instead of protons. Spectra may show !*C-!H coupling or they may be proton- 
decoupled, in which case no splitting is observed. In 1°C nmr spectra the areas аге 
not necessarily proportional to the numbers of C atoms giving rise to the signals. 
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STUDY PROBLEMS 


Make the following conversions: (а) 3000 ст! to um; (Б) 1760 ст! to ит; 
(с) 5.60 um to cm ^! ; (d) 8.20 um to cm ^! ;. (e) 30 Hz to MHz. 


In otherwise similar compounds, which one of each of the following pairs of partial 
structures would give stronger infrared absorption, and why? 

(a) С=О or С=С (b C=C—Cl or C—C—H 

(с) О-Н or МН 


Tell how you could distinguish each of the following pairs of compounds by their infrared 
spectra : 


(а) CH,CH,CH,N(CH;), and CH,CH,CH,NH, 
(b) CH,CH,CH,CO,H and CH,CH,CO,CH, 
О 


[| 
(c) CH,CH,CCH, and CH;CH,CO,CH, 


А chemist is oxidizing cyclohexanol to cyclohexanone. How can infrared spectroscopy be 
used to determine when the reaction is completed? 


A compound with the molecular formula С;Н, оО contains no double bonds and undergoes 
reaction when heated with HI to yield C;H,,I,. The infrared spectrum of the original 
compound shows absorption at about 2850 cm ^! (3.5 um) and 1110 cm ^! (9 ит), but none 
near 3330 ст! (3 ит) пог 1720 cm ^! (5.8 ит). What are the possible structures of the 
compound and the diiodide? 


When an induced molecular magnetic field opposes Но, a proton affected by this field: 
(а) is shielded or deshielded? (b) absorbs upfield or downfield? (с) is to the right or left in 
a typical nmr spectrum? 


At 60 MHz, how many Hz downfield from TMS is a chemical shift of 6 = 7.5 ppm? 
Indicate which underlined proton in each of the following groups of compounds will absorb 


farther upfield: 
(а) СН.СН,СН,СІ, CH;CHCICH;, CH,CICH,CH, 


(b CH,CH,CL CH,CHCI, (с) eS: Q- 
О 


Why would tetraethylsilane, (CH CH ;)4Si, not be as good an internal standard as TMS in 
nmr spectra? 


How many different groups of chemically equivalent protons are present in each of the 
following structures? If more than one, indicate each group. 


(a CH,CH,CH,CH, (b) CH;CH;OCH;CH,; 
(c) CH,CH=CH, (d) trans-CHCI—CHC! 
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(e) cis-CHCI—CHCI (f) CH,CH;CO,CH,CH, 
g) (R)2-hlorobutane (h) (S)2-chlorobutane 
() (CH).CHN(CHjCH(CH,, (ў) BrCH.CH,CH(CH,), 


(К) =(О)авен, (I) сњо-(С)-осн, 
(т) сно (С) ен, 


8.28. In Problem 8.27, tell how many principal signals would probably be observed in the proton 
nmr spectrum of each compound, and predict the relative areas under the signals. 


8.29. Annmr spectrum shows two principal signals with an area ratio of 3:1. Based on this 
information onlv, which of the following structures are possibilities? 


(a CH,=CHCH, (b CH,—CHCO,CH, 
(<) CH,CH,CH,CH,.CH.CH, (d) CH,CH,CH, 
©: CH, —UCH,), (t), JC. GOGH; 


8.30. Calculate the ratios of the different types of hydrogen atoms in a sample when the steps of 
the integration curve measure 81.5. 28, 55. and 80 mm. 


8.31. For each of the following compounds, predict the multiplicity (number of peaks arising 
from spin-spin coupling) and the zotal relative area under the signal of each set of 
equivalent protons: 


о 
| 
(а) CH,CH,CO,.CH, (Ы) CH,OCH,CH,OCH, (е) CH,CCH,CH, 


(d) сно—()-а (e) CLCHCH,Br 


8.32. А chemist has two isomeric chloropropanes, A and B. The nmr spectrum of A shows а 
doublet and a septet (seven peaks), while that of B shows two triplets and a sextet (six 
peaks). Identify the structures of A and B. 


8.33. How would you distinguish between each of the following pairs of compounds by nmr 
spectroscopy? 


(а) CH,CH,CH,CH,CH—CH, and (CH,),C=C(CH;), 
i 
(b CH,CH,CHO and CH;CCH, 


i i 
(c) CH,CCH, and CH,COCH, 


(d) снн. (С) апа ORS 
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8.34. How would you use either infrared or nmr spectroscopy to distinguish between: 


(a) l-propanol and propylene oxide? (b) diisopropyl ether and di-n-propyl 
ether? 

(c) ethanol and 1,2-ethanediol? (d) < МСН; апа (< МН? 

(e) ethanol and chloroethane? (f) acetic acid and acetone? 


8.35. Construct a tree diagram for each of the indicated protons: 


(a CICH,CH,CH,C| (Ы) CLCHCH, (с) CH,CH;OCH, 


8.36. Draw a tree diagram for H,, in the following partial structure, where Л» = 5 Hz and 
уй, = ИЕ. 


8.37.  Predict (a) the number of principal peaks in the nmr spectrum of the local anesthetic 
xylocaine (following); (b) the splitting patterns of these peaks; (с) the characteristic 
absorption peaks in the infrared spectrum. 


CH; O 
| 
NHCCH;N(CH;CH;); 


xylocaine 


8.38. Sketch the expected nmr spectrum for 1,1-dichloroethane. Be sure to include (qualitatively) 
anticipated chemical shifts, splitting patterns, and appropriate areas. 


8.39. Sketch the expected nmr spectrum for each of the following compounds: 


О 
| 
(а) CH,CHCICHCICH, (b) снн,о-(С)-сн.осен, 


8.40. Under the influence of Ho, [18]annulene has an induced ring current not too different from 
that of benzene. Predict the shielding and deshielding of the protons of this ring system. 


[18]annulene 
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8.41. The methyl protons of 15,16-dimethylpyrene do not have the same chemical shift as those 
of C,H.CH,. Instead, their absorption is upfield from TMS (д = —4.2 ppm). Why? 


$ 
We 


15,16-dimethylpyrene 


8.42. Predict the multiplicity of each absorption band in the proton-coupled !?C nmr spectra of 
the following compounds: 


iA i 
(a) (CH;),CC=CH (b) {< У-боснен, 


8.43. The ЇН nmr spectrum of an alcohol (С;Н, ,O) shows the following absorption: one singlet 
(relative area 1); two doublets (areas 3 and 6); and two multiplets (areas both 1). When 
treated with HBr, the alcohol yields an alkyl bromide (С;Н,,Вг). Its nmr spectrum shows 
only a singlet (area 6); a triplet (area 3); and a quartet (area 2). What are the structures of 
the alcohol and the alkyl bromide? 


8.44. Figures 8.51 through 8.57 each gives a molecular formula, an infrared spectrum, and a ЇН 
nmr spectrum for an unknown compound. What is the structure of each compound? 
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FIGURE 8.51. Spectra for Problem 8.44 (а): СН „О„. 


800 


369 
15 
Tr] 
"ICM 
ad 
| 
wes 
0 Hz 
—_——— 
— 
0 ppm 


| 

| 
| 

L 


Study Problems 

z 
IP 

| | | 
1200 

100 

rr 

| 

MI 

|) |) T 


ВЕ 
1400 


‚= = вые 
| | NES Je = 
EL Е == =: " T } 
Sis ВСВ СИСЕЕЕ E 
et | КТЕ = C. zu | ai 
E | t N 
E! == Г Е Se m Vengo жш ы o е) 
ә. | о 2, 
5 Е ВЕ T—1 18 5 Bei = 
= | | ИЖ © R e—a © о 
$ РЕ йс Sa Е [p —=—:з+з U 
Eo | | 3 EE 
z } + + 1 5 - 
EET T RE berries 3 
| rT | s В o a h Е 
На | | | + + | Ig ap | " 3 
a t } t а | | i к E 
T 4- 1 f | + 112 SES Я -—— — 8. = 5 
O S б a | | © { 
— | | не | м— р NS 
+ — + S 
WY 
[| ELE кш лр и н шг 
L| =a di Га 2 
^l Eod eet a Г 2 | | | Tie С—С. 
J ~ @ 
H | Ё Ё д 
- de + — [ти 
ei LL. 
© 
o 


per 
ЖЕ Ж. 


v 99u£]]rusug) 1199194 8 1 


370 Chapter 8 Spectroscopy I: Infrared and Nuclear Magnetic Resonance 


Wavelength (um) 


100 2:5 3 4 5 6 С 7 8 9 _ IU 12 15 


Percent transmittance 


os 3500 3000 2500 2000 1800 1600 1400 1200 1000 800. 
Wavenumber (ст!) 


500 400 300 200 100 0 Hz 


FIGURE 8.53. Spectra for Problem 8.44 (с): СН ,,O,CI. 
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FIGURE 8.54. Spectra for Problem 8.44 (d): СЫН. „О„. 
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FIGURE 8.55. Spectra for Problem 8.44 (e): CH4O,. 
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FIGURE 8.57. Spectra for Problem 8.44 (g): CH ,,N. 


СНАРТЕК 9 


Alkenes and Alkynes 


m alkene is a hydrocarbon with one double bond. Alkenes are sometimes 
called olefins, from olefiant gas ('* oil-forming gas"), an old name for ethylene 
(CH;—CH,) An alkyne is a hydrocarbon with one triple bond; acetylene 
(СНЕЕСН) is the simplest alkyne. 

A carbon-carbon double bond is а common functional group in natural 
products. Most frequently, the double bond is found in conjunction with other 
functional groups. However, alkenes with no other functionality are not at all 
rare and are often found as plant products and in petroleum. Two interesting 
examples of naturally occurring compounds containing carbon-carbon double 
bonds follow. 


CH; 
CH; EO 2 
(CH;),;C=CHCH,CH,C=CHCH,CH,CCH=CH, 
С 3-methylene-7,1 1-dimethyl-1,6,10-dodecatriene 
NS a compound secreted by 
CH, CH; aphids that signals “ danger" 
lio nede to other aphids 


found in citrus oils 
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SECTION 9.1. 


Bonding in Alkenes and Alkynes; Acidity of Alkynes 


The bonding in ethylene and acetylene was discussed in detail in Chapter 2. 
Recall that the two carbon atoms in ethylene are in the sp?-hybrid state. The three 
sp? bonds from each carbon atom lie in the same plane with bond angles of 
approximately 120°. The pi bond joining the two sp? carbons lies above and below 
the plane of the sigma bonds (see Figure 2.14, page 52). 


H 121° H 


Ne ШЕ | | еН 
SS >C С 
l С C — 108 n „с 
H H H 
1.34 À side view 


All the atoms in the ethylene molecule lie in the same plane; however, in а 
molecule that also has sp? carbons, only those atoms bonded to the double-bond 
carbons lie in the same plane. 


H H 
M 
€ 
КО. А 
H pos x these atoms lie in a plane 
H H 


The electronic structure of the triple bond of an alkyne is very similar to that 
of the double bond in an alkene. Acetylene has two sp carbons with linear sigma 
bonds and two pi bonds joining the sp carbons (Figure 2.18, page 57). 


180* 
H—cÉc*u 


acetylene 


A triple-bond carbon is in the sp-hybrid state. The sp orbital is one-half s, 
while an sp? orbital is one-third s and an sp? orbital is only one-fourth s. Because 
an sp orbital has more s character, the electrons in this orbital are closer to the 
carbon nucleus than electrons in an sp? or sp? orbital. (See Section 2.4F.) In an 
alkyne, the sp carbon is therefore more electronegative than most other carbon 
atoms. Thus, an alkynyl CH bond is more polar than an alkane CH bond or an 
alkene CH bond. 


X sp carbons electron-withdrawing 


One of the most important results of the polarity of the alkynyl carbon- 
hydrogen bond is that RC=CH can lose a hydrogen ion to a strong base. The 
resulting anion (ВС=ЕС”) is called an acetylide ion. With a pK, of 26, alkynes are 
not strong acids. They are weaker acids than water (pK, ~ 15), but stronger acids 
than ammonia (pK, ~ 35). Alkynes undergo reaction with a strong base like 
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sodamide (NaNH;) or a Grignard reagent or with sodium metal. Alkanes and 
alkenes do not react under these conditions. 


"Sa бә М. ee 
ӨСЕ Cah Nh. ОС "INS 
propyne an acetylide ion 


CH,C=CH + CHyMel ———> CH,C=CMgl + CH, 


CH,C=CH + Na ———> CH,C=GC~ + Ма* +! Н, 


SECTION 9.2. 


Nomenclature of Alkenes and Alkynes 


In the IUPAC system, the continuous-chain alkenes are named after their alkane 
parents, but with the -ane ending changed to -ene. For example, СН;СН; is 
ethane and СН, —CH, is ethene (trivial name, ethylene). 


CH=CH,  CheCH—CH, CY 


IUPAC: ethene propene 
cyclohexene 


A hydrocarbon with two double bonds is called a diene, while one with three 
double bonds is called a triene. The following examples illustrate diene and triene 


nomenclature: 
TE 
CH;—CHCH-CH; CH;—CCH-CH,; CH,=CHCH=CHCH=CH, 
1,3-butadiene 2-methyl-1,3-butadiene 1,3,5-hexatriene 
a diene a diene a triene 


In the names of most alkenes, we need a prefix number to show the position 
of the double bond. Unless there is functionality of higher nomenclature priority, 
the chain is numbered from the end that gives the lowest number to the double 
bond. The prefix number specifies the carbon atom in the chain where the double 
bond begins. 


s i 
CH;C-—CHCH;CH; CH;—CHCH;CH;OH CH4CH-—CHCOH 
2-methyl-2-pentene 3-buten-1-ol 2-butenoic acid 


SAMPLE PROBLEM 
Write the IUPAC name for i ыш le 
CH, 


Solution: While indeed the molecule does have a seven-carbon chain, the 
longest continuous chain that contains the double bond has only five carbons. 
Consequently, the structure is named as a pentene. The IUPAC name is 
2-propvl-1-pentene. 
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Some alkenes and alkenyl groups have trivial names that are in common 
use. A few of these are summarized in Table 9.1. 

А pi bond prevents free rotation of groups around a double bond; conse- 
quently, alkenes may exhibit geometric isomerism. This topic and the nomen- 
clature of geometric isomers was covered in Section 4.1. (Because alkynes are 
linear molecules, they do not exhibit geometric isomerism.) 


Н.С СН, Н.С Н 
x v A d 
с=с с=с 
ГА N 2 N 
H H H CH, 
cis-2-butene trans-2-butene 
or (Z)-2-butene or (E)-2-butene 


The IUPAC nomenclature of alkynes is directly analogous to that of the 
alkenes. The suffix for an alkyne is -yne, and a position number is used to signify 
the position of the triple bond in the parent hydrocarbon chain. Unless there is 
functionality of higher nomenclature priority in the molecule, the chain is num- 
bered to give the triple bond the lowest number. 

In an older, trivial system of nomenclature for the simple alkynes, acetylene 
(СНЕЕСН) is considered the parent. Groups attached to the sp carbons are named 


TABLE 9.1. Trivial names of some alkenes and alkenyl groups 


Structure Name Example 
alkenes: 
CH=CH, ethylene — 
CH,CH=CH, propylene — 
[a 
CH,C=CH, isobutylene — 


CH;—CCH-CH, isoprene — 
CH,=C=CH, allene — 


alkenyl groups: 


CH;— methylene” ( Ун 2 


methylenecyclohexane 


CH,—CH— vinyl CH,—CHCI 
vinyl chloride 
CH,=CHCH,— allyl CH;—CHCH,;Br 


allyl bromide 


а The term methylene is also used to refer to a disubstituted sp? carbon (—CH; —); for 
example, СН,СІ, is called methylene chloride. 
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as substituents on acetylene. In this text we will use the IUPAC nomenclature 
system for the alkynes except for acetylene itself. 


C)-c=cn CH,;C=CCH,CH, 


IUPAC: phenylethyne 2-pentyne 
trivial: phenylacetylene ethylmethylacetylene 


STUDY PROBLEMS 


9.1. Give the structures of (а) (E)-1-chloro-3,4-dimethyl-3-hexene ; 
(b) cis-1,3-pentadiene; (с) cyclohexylethyne; (d) diphenylethyne. 
9.2 Name the following compounds: 
ie 
(a) CH,=CCH,CH=CH, (b) CH=CCH,OH 
SECTION 9.3. 


Physical Properties of Alkenes and Alkynes 


The physical properties of alkenes (but not the chemical properties) are practi- 
cally identical to those of their alkane parents. Table 9.2 lists the boiling points of 
a few alkenes and alkynes. The boiling points of an homologous series of alkenes 


TABLE 9.2. Physical properties of some alkenes and alkynes 


Name Structure Вр,°С 
alkenes: 
ethene (ethylene) CH,=CH, —102 
propene (propylene) CH;CH=CH, — 48 
methylpropene (isobutylene) (CH3) C=CH, —7 
1-butene CH;CH,CH=CH, —6 
]-pentene CH3;CH,CH,CH=CH, 30 
alkynes: 
ethyne (acetylene) CH=CH —75 
ргорупе СН, С=СН —23 
i-butyne CH4CH;C-CH 8.1 


2-butyne CH;C=CCH; 27 
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increase about 30? per СН» group. This is the same increase observed for an homol- 
ogous series of alkanes. As with alkanes, branching in an alkene lowers the boiling 
point slightly. 

Although alkenes are considered to be nonpolar, they are slightly more 
soluble in water than the corresponding alkanes because the pi electrons, which are 
somewhat exposed, are attracted to the partially positive hydrogen of water. 


SECTION 9.4. 


Spectra of Alkenes and Alkynes 


A. Infrared spectra 


Alkenes. Stretching of the С=С double bond gives rise to absorption at 
1600-1700 cm ^! (5.8-6.2 um) in the infrared spectrum. Because the double 
bond is nonpolar, the stretching results in only a small change in bond moment; 
consequently, the absorption is weak, ten to 100 times less intense than that of a 
carbonyl group. The absorption due to the stretching of the alkenyl, or vinylic, 
carbon-hydrogen bond (=С— Н) at about 3000-3100 cm ^ ! (3.2-3.6 ит) is also 
weak. Alkenyl carbon-hydrogen bonds exhibit bending absorption in the finger- 
print region of the infrared spectrum (see Table 9.3). Figure 9.1 shows t.e spectra 
of heptane and l-heptene; the differences between an alkane and an alkene are 
evident in these spectra. 

Alkynes. The C=C stretching frequency of alkynes is at 2100-2250 cm ^! 
(4.4-4.8 um). This absorption is quite weak and can easily be lost in the back- 
ground noise of the spectrum. However, with the exception of C=N and Si—H, 
no other groups show absorption in this region. The =C—H stretching frequency 
is found at about 3300 cm ! (3.0 um) as a sharp peak (see Figure 9.2). 


TABLE 9.3. Infrared absorption characteristic of alkenes and alkynes 


Position of absorption 


Type of vibration cm! um 
alkenes: 
=C—H stretching 3000—3100 3.2-3.3 
=С—Н bending 800-1000 10.0-12.5 
=CH, bending 855-885 11.2-11.3 
C=C stretching 1600-1700 5.8-6.2 
alkynes: 
=C—H stretching ~ 3300 ~ 3.0 
C=C stretching 2100-2250 4.4-4.8 
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FIGURE 9.2. Infrared spectrum of 1-decyne. 
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STUDY PROBLEM 


9.3. . Figure 9.3 is the spectra of two alcohols. One compound contains a 
carbon-carbon double bond, and one contains a carbon-carbon triple bond. 
Identify each. 
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FIGURE 9.3. Infrared spectra for Problem 9.3. 


B. Nmr spectra 


Alkenes. The chemical shift for a vinylic proton is at an approximate 6 
value of 5.0 ppm; the exact position of the absorption depends on the location of 
the double bond in the hydrocarbon chain. In general, protons on terminal 
alkenyl carbons absorb near 4.7 ppm, while the protons on nonterminal carbons 
absorb slightly farther downfield, at д values of about 5.3 ppm. 


CH,CH,CH=CH, 


/ \ 


5.3 ppm 4.7 ppm 


Ee [са B.S 
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The splitting patterns for vinylic protons are more complex than those for 
alkvl protons. The complexity arises from the lack of rotation around the double 
bond. Let us look at a general example: 


H, H, 
M 7 
с=с 
7 S 
R H, 


In this example, all three vinylic protons (H,. H,, and H,) are nonequivalent 
and thus have different chemical shifts and give rise to three separate signals. In 
addition, the coupling constants between any two of the protons (Jax, Jex, and 
Ja) are different. Each of the three signals is therefore split into four peaks. (For 
example, the signal for H, is split into two by Н, and again into two by H,.) A total 
of twelve peaks is observed in the nmr spectrum for these three protons. 

This pattern of twelve peaks can be seen in the nmr spectrum of p-chloro- 
styrene in Figure 9.4. Figure 9.5 shows tree diagrams for the splitting patterns of 
the double-bond protons in p-chlorostyrene. With the aid of the tree diagram, we 
can see that none of the absorption peaks are superimposed because of the dif- 
ferences in J values. 

In the spectrum of p-chlorostyrene (Figure 9.4), note that the chemical shift 
for H,is até = 5.3 ppm. while the chemical shift for H,. which is cis (and closer) to 
the benzene ring. is at д = 5.7 ppm. The signal for Н, is downfield because Н, is 
somewhat deshielded by the induced field of the benzene ring. The signal for H, is 
even farther downfield because H, is more deshielded by the induced field of the 
ring. 

Although any terminal vinylic group of the type RCH=CH, should give a 
spectrum with twelve vinvl-proton peaks. the twelve peaks are not always evident. 
For example, in the spectrum of p-chlorostyrene, the four peaks for H, almost 


H, H, 
d | 
lan ш 
D 
сі 
н, He — Hr 


1 | 1 
(T 33 Yama жаш 


41917 od 


each is a doublet 


FIGURE 9.4. Partial nmr spectrum of p-chlorostyrene. 
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н, н, н, 
е gH 
с=с. 
с 


x 


area ratios 
На, lM На EJ = 182 


FIGURE 9.5. Tree diagrams for the splitting patterns of the three alkenyl protons in 
p-chlorostyrene. 


look like two peaks because J,, is small. Figure 9.6, the nmr spectrum of styrene, 
shows almost-superimposed vinyl-proton signals. 


500 _ 400 _ 300 | 200 — 100 0 Hz 


м e 6.0 5.0 4.0 3.0 20 10  Oppm 


FIGURE 9.6. Nmr spectrum of styrene, СЫН„СН= CH. (The superimposed line is a 
higher-resolution, expanded spectrum of the eight peaks with д values between 
5.0 and 6.0 ppm.) 


STUDY PROBLEMS 
9.4. Figure 9.7 is the nmr spectrum of methyl vinyl sulfone, CH; —CHSO;CH;. The 


spectrum contains eight peaks (not 12) in the alkene region. Construct a tree 
diagram that would explain the “missing” peaks. 
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FIGURE 9.7. Nmr spectrum of CH,— СНЅО,СН, for Problem 9.4. 


955. In the nmr spectrum for p-chlorostyrene, the absorption for the aryl protons is 
observed as a singlet. In styrene (C;H.CH — CH), the absorption for the aryl 
protons is observed as a multiplet. Suggest a reason for these observations. 


Alkynes. An alkyne of the type RC=CR has no acetylenic protons; 
therefore, a disubstituted alkyne has no characteristic nmr absorption. (The rest 
of the molecule may give rise to absorption, however.) A monosubstituted alkyne, 
RC=CH, shows absorption for the alkynyl proton ata д value of about 3 ppm. This 
absorption 15 not nearly as far downfield as that for a vinylic or aryl proton because 
the alkynyl proton is shielded by the induced field of the triple bond. Figure 9.8 


| 
( 


induced field 
opposes H, 


P 


Но 
ij 


FIGURE 9.8. An alkynyl proton is shielded by the induced magnetic field ofthe triple bond. 
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shows how the circulation of the pi electrons results in this field. Note the difference 
between this anisotropic effect and the effect for a vinylic proton, — CHR (Section 
8.7B). In the case of an alkyne, the induced field opposes, rather than augments, Но. 


SECTION 9.5. 


Preparation of Alkenes and Alkynes 


Alkenes may be prepared by the elimination reactions of alcohols (in strong acid) 
or alkyl halides (in base). Table 9.4 (page 388) lists the sections where these 
reactions are discussed in detail. 

Primary alcohols undergo elimination reactions slowly. In hot, concentrated | 
H5SO,, the product alkene may also undergo isomerization and other reactions; 
therefore, primary alcohols are not usually useful in alkene preparation. Primary 
alkyl halides also undergo elimination reactions slowly by an E2 path. However, if a 
bulky base such as the t-butoxide ion is used, ап alkene may be obtained in good 
yield (along with some S42 product). 


и CH,CH,CH,CH=CH, 
1-pentene 
85% 
СН. СНОВО 9 АЕ " 


warm 
1-bromopentane 


CH,CH,CH,CH,CH,OC(CH,); 


t-butyl pentyl ether 
12% 


Secondary alcohols undergo elimination by an Е1 path when heated with a 
strong acid, and rearrangement of the intermediate carbocation may occur. 
Except in simple cases, secondary alcohols are therefore not useful intermediates 
for the preparation of alkenes. Secondary alkyl halides can undergo E2 reactions. 
Although product mixtures may be expected, the predominant product is usually 
the more highly substituted rrans-alkene. 


2° RX (E2): CHICH H 
2° RX (E2): 3 A < 
C=C 
A NS 
H CH; 


trans-2-pentene 
51% 


Вг CHAGH; CH; 
| Na* "OCH,CH, МЕ. 
Gi, CH, Оа F ЛЕ 
2-bromopentane Н Ч 
cis-2-pentene 
18% 
— 
CHCH CH; CH=CH, 


1-репїепе 
31% 
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Tertiary alcohols undergo elimination readily through carbocations (El) 
when treated with a strong acid. Tertiary alkyl halides undergo elimination with 
base principally by the E2 reaction. In both cases, excellent yields can be obtained 
if all three R groups of В ‚СХ ог R,COH are the same; otherwise, mixtures might 
be obtained. 


STUDY PROBLEM 


9.6.  Eachofthe following reactions vields one alkene in a yield of over 80 percent. 
Give the structure of each alkene product. 


7 conc H.SO, 
(a) ( он heat 


Ма? "OCH,;CH, 

GM O.QGBr — => 

Ep Жанас CH,CH.OH 
OH 


50°. H,SO, 


heat 


| 
(с) СН,СН,С(СН)), 


Alkynes may also be prepared by elimination reactions. In the following 
examples. note that a stronger base than OH is used for dehydrohalogenation 
of the vinylic halide. The reason for this is that the sp? bonds of a vinylic halide are 
stronger than the sp? bonds of an alkyl halide. (Why?) 


Br Br ir 
| | = Hy H,O 
CH,CH—CH, 98+ CH,CH=CH 39. сн,с=с- — > CH,C=CH 
=H 
1,2-dibromopropane 1-bromopropene an acetylide propyne 


In Section 9.1, we mentioned that treatment of an alkyne with a strong base 
yields an acetylide. An acetylide ion may be used as a nucleophile in S42 reactions 
with primary alkyl halides. (Secondary and tertiary alkyl halides are more likely 
to give elimination products.) This reaction provides a synthetic route for obtain- 
ing substituted or more complex alkynes from simpler ones. 


Preparation ot acety! ide 


iq N 
liq NH, 


CH;C=CH + Майн, > 


СНС=С Ма + NH, 
Reacimon wrth ап аку! halide 


OH,C-Ci— f CH,CH,CH; LCI —=> CHYCH,CH,CECCH, + сїт 


1-chloropropane 2-hexyne 


As we also mentioned in Section 9.1, alkynyl Grignard reagents may be pre- 
pared by the reaction of a Grignard reagent and a l-alkyne. In this reaction, the 
Grignard reagent acts as a base while the alkyne acts as an acid. 
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Preparation of RC © C MgX: 


ot д 


сн,с=Сн + CH,Mgl ——— CH,C=CMel + CH, | 
ргорупе 


As with other Grignard reagents, the nucleophilic carbon of an alkynyl 
Grignard reagent attacks partially positive centers, such as the carbon of a carbonyl 
group. The advantage of this type of Grignard synthesis is that more-complex 
alkynes can be prepared more easily this way than by S42 reactions. 


Reaction with a ketone: 


a « :ÓMgl T бн 
CH,;C=CMgl + CH,CCH, —— CH,CCH, ТЫНЫШ, Ж | 
СЕССН, C: CCH 
2-methyl-3-pentyn-2-ol | 


Table 9.4 summarizes the methods of synthesizing alkenes and alkynes. 


TABLE 9.4. Summary of laboratory syntheses of alkenes and alkynes. 


——————— 


Reaction Section reference 
alkenes: 
X | 
nA CN миз heat_, в ССВ, 5.9-5.10 
OH 
c gel "n һе R ,C=CR, 7.8 
R,C—O + (C,H;);P=CR’, ———> R,C=CR', 11.12 
RCECR + Н, “4 RCH=CHR 9.13 
alkynes: 
X X 
REN STATS RC=CH 9.5 
RC-CH ем» RCEC- Nat Си оао 
OH 
suu Шо, Е ЗИРЕ 9.5 


RC=CH — 25> RC=CMgl 


(2) H,0, H* 
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STUDY PROBLEMS 


! 
| — — —_ 
| 
| 
| 
| 
| 


9.7. Suggest synthetic routes, starting with propyne, to: (а) 2-pentyne, and 
(b) 4-phenyl-2-pentyne. 


9.8. Show how you would synthesize l-pentyn-3-ol from acetylene, propanal 
(CH;CH;CHO). and ethylmagnesium bromide. 


SECTION 9.6. 


Preview of Addition Reactions 


Three typical reactions of alkenes are the reactions with hydrogen, with chlorine. 
and with a hydrogen halide: 


Pt catalyst GH,CH, 


/ ethane 


/ CI Cl 


Ч. | | 
CH,—CH, = сн, UH. 


ethylene ч ].2-dichloroethane 


CH;CH;CI 


chloroethane 


Each of these reactions is an addition reaction. [n each case, a reagent has 
added to the alkene without the loss of any other atoms. We will find that the 
principal characteristic of unsaturated compounds is the addition of reagents 
to pi bonds. 

In an addition reaction of an alkene, the pi bond is broken and its pair of 
electrons is used in the formation of two new sigma bonds. In each case, the sp? 
carbon atoms are rehybridized to sp?. Compounds containing pi bonds are usually 
of higher energy than comparable compounds containing only sigma bonds; 
consequently, an addition reaction is usually exothermic. 


In general, carbon-carbon double bonds are not attacked by nucleophiles 
becausethere is no partially positive carbon atom to attract a nucleophile. However, 
the exposed pi electrons in the carbon-carbon double bond are attractive to 
electrophiles (Е? ), suchasH *. Many reactions of alkenes and alkynes are therefore 
initiated by an electrophilic attack, a reaction step that results in a carbocation. 
The carbocation can then be attacked by a nucleophile to yield the product. We 


. ОАА HUP REDDERE 


390 Сһарег 9 Alkenes and Alkynes 


will discuss this type of addition reaction first, then proceed to other types of 
alkene reactions. 


a carbocation 
an alkene 


an addition product 


SECTION 9.7. 


Addition of Hydrogen Halides to Alkenes and Alkynes 


Hydrogen halides add to the pi bonds of alkenes to yield alkyl halides. Alkynes 
react in an analogous manner and yield either vinylic halides or 1,1-dihaloalkanes, 
depending on the amount of HX used. We will not stress alkynes in our discussions, 
however, because alkenes are more important both in the laboratory and in nature. 


CH,=CH, + HX = CH;CH;X 
ethylene an ethyl halide 


CHEECH —B* 5" op-cHx  —8*.5 Е сн СНХ 


acetylene a vinyl halide а 1, 1-dihaloethane 


The addition of hydrogen halides to alkenes to prepare alkyl halides is often 
used as a synthetic reaction. Usually, the gaseous HX is bubbled through a solu- 
tion of the alkene. (Concentrated aqueous solutions of hydrogen halides give 
mixtures of products because water can also add to double bonds.) The relative 
reactivity of HX in this reaction is НІ > HBr > НСІ > HF. The strongest acid 
(HI) is the most reactive toward alkenes, while the weakest acid (HF) is the least 
reactive. 

A hydrogen halide contains a highly polar H—X bond and can easily lose 
H* to the pi bond of an alkene. The result of the attack of Н * is an intermediate 
carbocation, which quickly undergoes reaction with a negative halide ion to yield 
an alkyl halide. Because the initial attack is by an electrophile, the addition of 
HX to an alkene is called an electrophilic addition reaction. 


Step 1 (slow): H&E: H 
E ET] Tal 
CH;CH=CHCH,; > |CH;CHCHCHs] + ‘Ch: 


2-butene intermediate 
carbocation 
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Tuo ш 


^ os 
MEOD Lr asl ү m ке ste 


[сн,Снсн,сн,| +6: = > CH,CHCH,CH, 
2-chlorobutane 
A.  Markovnikov's rule 


If an alkene is wrsymmetrical (that is, the groups attached to the two sp? carbons 
differ), there is the possibility of two different products from the addition of HX: 


єн, 
CH,CH=CHCH, м СН.СН=СН, 
ох 
symmetrical alkenes unsymmetrical alkenes 
H Cl 
HCl | | 
2-Бшепе 2-chlorobutane 
symmetrical only one possible product 


(lel (Cels Oe 


two possible 


1-chloropropane 
HCl roducts 
GH, CH=CH, á 
CI 
propene | 
| Я СН at H =C H 3 
unsymmetrical 


2-chloropropane 


In an electrophilic addition that can lead to two products, one product 
usually predominates over the other. In 1869, the Russian chemist Vladimir 
Markovnikov formulated the following empirical rule: /n additions of HX to 
unsymmetrical alkenes, the H^ of HX goes to the double-bonded carbon that already 
has the greatest number of hydrogens. By Markovnikov'srule, we would predict that 
the reaction of НСІ with propene yields 2-chloropropane (and not the 1-сШого 
isomer). Examples of reactions that obey Markovnikov's rule follow: 


H here 
dd goes here CI 
| 


HCl 
CH;,;CH=CH, —_ ТС аСТ 


ргорепе 2-chloropropane 


Ганц goes here Br 
| 


сус снове = ^. (ЄН с саен. 


2-methyl-2-butene 2-bromo-2-methylbutane 
y H goes here 
n CH; 
жыл т. С 
| 
1-methyl-1-cyclohexene 1-iodo-1-methylcyclohexane 
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B. The reason for Markovnikov's rule 


Markovnikov formulated his rule because of experimental observations. Why is 
this empirical rule followed? To answer this question, let us return to the mech- 
anism of HX addition. Step 1 15 the formation of a carbocation. For propene, two 
possible carbocations could be formed: 


H н°* 
а Ў i b+ $ 
CH,CH=CH, ОНОН CHE] == > CHEGHIGHE 
transition state 1°, less stable 


ШШ - 
(^ 5+ : 3 
CH,CH—CH, ——— [|CH,CH-CH,| —— CH,CHCH, 


transition state 2°, more stable 


The order of stability of carbocations is 3° > 2° > 1°. For propene, the two 
positions of H * addition lead to (1) a high-energy. unstable, primary carbocation, 
or (2) a lower-energy, more-stable, secondary carbocation. The transition states 
leading to these intermediates have carbocation character. Therefore, the secondary 
carbocation has a lower-energy transition state and a faster rate of formation 
(see Figure 9.9). | 
Addition of a reagent to an unsymmetrical alkene proceeds by way of the 
more stable carbocation. This is the reason that Markovnikov's rule is followed. | 


CI 
Br 


m Rari iB Br | 
(CH5);€ — CHCH, = СН. GGEIS CH! = (EHS) CCHECEE 


е5 5 


[СН;СН,СН, +] 


reaction takes 


X this course 


[CH,CHCH;] 


—— m > 


CH,CH = CH, + H* 


Progress of carbocation formation ——» 


FIGURE 9.9. Energy diagram for the protonation of propene. 
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SAMPLE PROBLEM 


Predict the relative rates of reaction of the following alkenes toward HBr 
(lowest rate first): 


(а) СН.СН,СН=СН, (b) CH=CH, (с) (СН,)„С=СНСН, 
Solution: The alkene that can form the most stable carbocation has the lowest 
Е. and the fastest rate. Therefore. 


Sd. лег GEI CH. (SH CESGHGEHS 
increasing rate of reaction 


STUDY PROBLEMS 


9.9. For the alkenes in (a) and (c) in the preceding sample problem, give the 
structures of the carbocation intermediate and the major product of the reaction 
with HBr. 


9.10. When propene is treated with HCI in ethanol, one of the products is ethyl 
isopropyl ether. Suggest a mechanism for its formation. 


C. Rearrangements 


In Section 5.6F, we discussed carbocation rearrangements in Snl reactions. 
When a carbocation can form a more stable carbocation by a 1,2-shift of H, 
К. or Ar, rearrangement occurs. Is rearrangement observed in HX addition 
reactions? Yes, indeed. The intermediate carbocations in these HX additions 
are no different from those in S41 or El reactions. 


CH; 
(CH,),CCH—CH; Ene m ae rearrangement, 
3,3-dimethyl-1-butene 7% 
2° carbocation 
CH; 


| : 
cH,-C-cuen, =, (CH), CCH(CH 9; 


СН, I 
3? carbocation 2-iodo-2,3-dimethylbutane 
rearranged product 


STUDY PROBLEM 


9.11. Predict the rearrangement product of each of the following reactions: 


(a) 3-methyl-i-butene + НСІ 
(b) 4,4-dimethyl-2-pentene + HBr 
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D. Anti-Markovnikoy addition of HBr 


The addition of HBr to alkenes sometimes proceeds by Markovnikov's rule, but 
sometimes it does not. (This effect is not observed with НСІ or HI.) 


Br 


| 
єн,Сн=Сн, — 9 ‘осно but sometimes CH,CH,CH,Br 


propene 2-bromopropane 1-Бготоргорапе 
anti- Markovnikov product 
It has been observed that the primary alkyl bromide is obtained only when 
a peroxide or O, is present in the reaction mixture. Oxygen is a stable diradical 
(see Section 6.6C), and peroxides (ROOR) are easily cleaved into free radicals. 


When О, or peroxides are present, HBr addition proceeds through a free-radical 
mechanism instead of an ionic one. 


Formation of Br-: ROOR ——— 2RO: 
RO: + HBr —— ROH + Вг: 


Addition of Br- to alkene: 


YN с с 
СН,СН=СН, sls Вг. ГЕ = т. апа not Wu 
Br Br 


2°, more stable 1°, less stable 


Formation of product: 


auc came a 


HCH,Br + HBr ———> CH,CH,CH,Br + Вг: 


When Br: attacks the alkene, the more stable free radical is formed. (The 
stability of free radicals, like that of carbocations, is in the order 3° > 2° > 1°.) 
The result of the free-radical addition in our example is 1-bromopropane. 


STUDY PROBLEM 


Predict the products: 


(а) (CH,),C=CH, + HBr OS. 


no peroxides 
——————À 


(b) (CH,);C=CH, + HBr 


SECTION 9.8. 


Addition of H,SO, and Н,О to Alkenes and Alkynes 


Sulfuric acid undergoes addition to an alkene just as a hydrogen halide does. The 
product is an alkyl hydrogen sulfate, which can be used to synthesize alcohols or 
ethers (see Section 7.12B). 


EE EEE ——————— 
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OSOH 
CH,CH=CH, + H—OSO,H э сн ОН — Gk 
propene 2-propyl hydrogen sulfate 


In strongly acidic solution (such as aqueous sulfuric acid), water adds to a 
double bond to yield an alcohol. This reaction is called the hydration of an alkene. 


3s 
CH,CH=CH, + H,O GHe GEI CH, 
propene 2-propanol 
60°, 


Both reactions occur in two steps, just like the addition of a hydrogen halide. 
The first step is the protonation of the alkene to yield a carbocation. The second 
step is the addition of a nucleophile to the carbocation. Because initially a carbo- 
cation is formed. both reactions follow Markovnikov's rule. Rearrangements are 
to be expected if the carbocation can undergo a 1.2-shift of H or R to yield a more 
stable carbocation. 


Мер и meo Hs [кс ш 


Step 2 E 2n 
HCÓH :ÓH 


Low | | | 
[R.C—CH;R] + Н.О: R;C—CH.;R ===’ ССК ЕН” 


а protonated alcohol an alcohol 


STUDY PROBLEMS 


9.13. Show the mechanism for the addition of H SO; to 1-butene to yield a butyl 
hydrogen sulfate. 


9.14. Predict the major products: 


(а) CH,;CH,CH=CH, + H,O 


@) NCHASGGH-GH, + H,o —~ 


(c) (CH;),CHCH=CH, + H;SO, 


Alkynes also undergo hydration, but the initial product is a vinylic alcohol, 
or enol. An enol is in equilibrium with an aldehyde or ketone (see Section 11.17). 
The equilibrium favors the carbonyl compound; therefore, hydration of an alkyne 
actually results in an aldehyde or ketone. (The hydration of alkynes proceeds 
more smoothly when a mercuric salt is added to catalyze the reaction.) 


‘OH О: 
k c | i 


H7 | j 
H4C-—OHZ| e CH CCH, 


CH,CECH + H,O 


Нр?” 


ргорупе ргорапопе 
(acetone) 
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Acid-catalyzed hydration of an alkene or alkyne is seldom used in the labora- 
tory because of the relatively low yields and possibilities of rearrangements and 
polymerization (Section 9.17). However, many simple alcohols, such as ethanol and 
2-propanol, are synthesized industrially by this technique. 


SECTION 9.9. 


Hydration Using Mercuric Acetate 


Mercuric acetate, Hg(O,CCH;),, and water add to alkenes in а reaction called 
oxymercuration. Unlike the addition reactions we have discussed so far, oxy- 
mercuration proceeds without rearrangement. The product of oxymercuration is 
usually reduced with sodium borohydride (МаВН.) in a subsequent reaction 
called demercuration to yield an alcohol, the same alcohol that would be formed if 
water had been added across the double bond. Oxymercuration-demercuration 
reactions usually give better yields of alcohols than the addition of water with 


H,SO,. 
Oxvmercuration: 
UP x 
CH,CH,CH,CH—CH, —ES 7. CH,CH,CH;CHCH; 
1-pentene А fonds 3 
Demercuration: 
OH OH 
ИЛЕ TED li une Oscuro + Hg 
2-pentanol 


90% overall 


Like the addition of other reagents to alkenes, oxymercuration is a two-step 
process. The addition proceeds by electrophilic attack of * HgO CCH, followed 
by nucleophilic attack of H,O. Because rearrangements do not occur, the inter- 
mediate formed by electrophilic attack cannot be a true carbocation. On the other 
hand, since Markovnikov’s rule is followed, the intermediate must have some 
carbocation character. Both these facts are explained by postulating a bridged 
ion, or cyclic ion, as the intermediate. 


Dissociation ої mercuric acetate: 
НОСЫ» === *НгО,ССН, + ` O,CCH, 


Electrophilic attack: 


RoC—CHR 
R,C=CHR cot M 
'HgO;CCH, 


*HgO;CCH; a bridged intermediate 
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MCA « Q and proton loss 
pec “OH, mm 
R.C—CHR | xr 
ша Чо, Е, G GHR =, е СІК 
"HgO,CCH, | 
HgO,CCH, HgO,CCH, 


The formation of a bridged intermediate is not very different from the 
formation of a carbocation. The reaction of this intermediate is also very similar 
to that of a carbocation. The difference between this bridged intermediate and a 
true carbocation is that Hg is partially bonded to each double-bond carbon and 
rearrangements cannot occur. The more positive carbon in the bridged inter- 
mediate (the carbon attacked by H,O) may be predicted by knowledge of carbo- 
cation stabilities (3? > 2? > 1°). We can compare the reaction of this type of 
bridged ion with the one formed in acid-catalyzed substitution of an epoxide 
(Section 7.16B). 


more positive carbon ; 
H,0 attacks here 


\ 
\ 
R,C—CHR R,C—CHR 
Bs : similar to 
HgO,CCH, HgO,CCH, 
bridged intermediate true carbocation 


The reducing agent in the demercuration reaction, sodium borohydride, is 
an important reducing agent in organic chemistry. It forms stable solutions in 
aqueous base, but decomposes and releases Н, in acidic solution. We will encounter 

this reagent again as a reducing agent for aldehydes and ketones (Section 11.14). 


sodium borohydride 


STUDY PROBLEMS 


9.15. (a) Write the steps in the oxymercuration-demercuration of 
3,3-dimethyl-]-butene. 
(b) Compare the product of this reaction sequence to the product from the 
reaction of 3,3-dimethyl-1-butene with dilute, aqueous НСІ. 


9.16. Oxymercuration—demercuration results in alcohols as products. If the reaction is 
run in an alcohol instead of in water (a sequence called 
solvomercuration-demercuration), an ether is obtained as a product. Write 
equations to show how you would prepare 2-methoxy-2-methylbutane from 
2-methyl-1-butene by this technique. 


BEEN. — Ш — 
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SECTION 9.10. 


Addition of Borane to Alkenes 


Diborane (В,Н,) is a toxic gas prepared by the reaction of sodium borohydride 
and boron trifluoride (3 NaBH, + 4BF, — 2B,H, + 3NaBF,). In diethyl ether 
solution, diborane dissociates into borane (BH;) solvated by an ether molecule: 
(CH,CH;),0:----BH,. Borane undergoes rapid and quantitative reaction with 
alkenes to form organoboranes (ВВ). The overall reaction is the result of three 
separate reaction steps. In each step, one alkyl group is added to borane until all 
three hydrogen atoms have been replaced by alkyl groups. This sequence of 
reactions is called hydroboration. 


H BH, 


1 ICM | 
Step 1: Сн„==СН== BH ОН GHIE 


$tep2: CH=CH, + CH,CH;BH, — —— (CH,CH,),BH 
Step 3: CH,—CH, + (CH;CH,),BH ——— (CH,CH;),B 


triethyl borane 


an organoborane 


Organoboranes were discovered in the 1950°s by Herbert C. Brown at 
Purdue University, who was awarded a Nobel Prize in 1979 for his work with 
organoboron compounds. The value of these compounds arises from the variety 
of other compounds that can be synthesized from them. Let us first consider the 
addition of BH; to alkenes, and then look at some of the products that can be 
obtained from the resulting organoboranes. 

Borane is different from the other addition reagents we have mentioned be- 
cause Н is the electronegative portion of the molecule instead of the electro- 
positive portion, as it is in HCl or H,O. When borane adds to a double bond, the 
hydrogen (as a hydride ion, H~) becomes bonded to the more substituted carbon. 
The result is what appears to be anti-Markovnikov addition. 


CH,GH-CH,  ———. «GHIGH—GH; | 
` Y | | | 


H on more substituted carbon 


Steric hindrance also plays a role in the course of this reaction. Best vields 
of the anti-Markovnikov organoborane are obtained when one carbon of the 
double bond is substantially more hindered than the other. 


more hindered 
less hindered 


CH; 
CHCH CH=CH, CH;CH,C=CH, 
93°, yield of anti- 99°, yield of anti- 


Markovnikov product Markovnikov product 
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Organoboranes are easily oxidized to alcohols by alkaline hydrogen peroxide. 
The tinal result of borane addition, followed by H,O, oxidation, appears as if 
water had been added to the double bond in an anti-Markovnikov manner. 
Overall yields are often 93-100? . 


BH, D t uL om". б 
3 CH,CH-—CH; ; (GH SH. GL Da ош у © СНС: GEO BOs? 
propene tripropyIborane 1-ргорапо! borate ion 
OH 
А 
Ты (D BH, a 
< / CH; уно 0H СН, + ВО, 
|-methyl-1-cvclohexene 2-methyl-1-cyclohexanol 


Now, we have discussed three routes to alcohols from alkenes. These are 
summarized in the following flow diagram: 


OH 
но н: low yields, 
[s cce |. possible rearrangement 
| 
| ОН excellent vields, 
MC (D Hg(O,CCH4),. H,O | Markornikor product, 
R;C—CHR (2) NaBH, R;CCH;R no rearrangement 
| 
OH excellent yields, 
(1) BH, | anti- Markornikov, 
C) H.O.. OH- R;CHCHR no rearrangement 


Besides being oxidized to alcohols, organoboranes can be converted to 
alkanes, alkyl halides, or other products. In each case, the newly introduced atom 
or group becomes bonded to the less-substituted carbon of the double bond. 


3CH,CO, 
в енси 


I-deuteriopropane 


a deuteriated alkane 


BH 
3 CH,CH=CH, ^—  (CH,CH;CH,;)4B 


ЗВО ОНЕ (чк СЗ ОШЫЙ 


I-bromopropane 


an alkyl halide 


A. Stereochemistry of hydroboration 


When borane adds to a double bond, the boron atom and the hydride ion become 
bonded to the two carbon atoms of the double bond simultaneously. The result is 
that the B and H must be added to the same side of the double bond. An addition 
reaction in which two species add to the same side is called a cis-addition, or syn- 
addition. (Syn, like cis, means “оп the same side, or face.) 
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A syn-addition: 


H—BH, 
/ / H---BH, "os 
RC „H Н ' 
‘LGC > wiC=Cr, = wC— `7 
u^ - | X R^ SQ RU Co... 
H H H H 


transition state 


If the addition product is capable of geometric isomerism, such as the 
addition product of 1-methyl-1-cyclohexene, the B and the Н are thus cis to each 
other in the product. 


CH; 
(pect HBH; 5 BH, and H are cis 


Lr ——— 


| -methyl-1-cyclohexene BH, 


When an organoborane is subsequently oxidized to an alcohol, the hydroxyl 
group ends up in the same position as the boron atom that it replaced—that is, 
with retention of configuration at that carbon. 


CH, СН; 
H,0,, OH ОН replaces ВК, 
with retention 
H H of configuration 
BR; OH 


trans-2-methyl-1-cyclohexanol 


The reason that the configuration is retained is that the oxidation proceeds by a 
1,2-shift (similar in some respects to a carbocation rearrangement), followed by 
hydrolysis of the BO bond to yield the alcohol. The RO bond is not affected in 


this hydrolysis. 
R R 
c SM Nc -ÖH a" 
В.В + :ООН = R—B 70--OH т R—B—O: 
, | | 
from H,0, + OH R R 
1.2-shift of R 
QR 
2 OOH 3OH 37 
20H. КО BOF ИТ UM 3ROH + ВО, 


STUDY PROBLEMS 


9.17. Use a transition-state structure to show why a trans-2-methyl-1-cyclohexylborane 
cannot yield cis-2-methyl-1-cyclohexanol. 


9.18. Predict the major organic products (including stereochemistry) of the 
hydroboration and oxidation of (а) l-ethyl-1-cyclopentene; 
(b) (Z)-3-methyl-2-pentene. 
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SECTION 9.11. 


Addition of Halogens to Alkenes and Alkvnes 


Like acids, chlorine and bromine add to carbon-carbon double bonds and 
triple bonds. А common laboratory test for the presence of a double or triple 
bond in a compound of unknown structure is the treatment of the compound 
with a dilute solution of bromine in CCl,. The test reagent has the reddish-brown 
color of Вг, ; disappearance of this color is a positive test. The decolorization of a 
Br. CCl, solution by an unknown is suggestive, but not definitive proof, that a 
double or triple bond is present. A few other types of compounds, such as alde- 
hydes, ketones. and phenols, also decolorize Br,/CCl, solution. 


er ie 
CH;CH=CHCH, + Br, Бу CH,CH— CHCH, 


2-butene red 2.3-dibromobutane 


colorless 


Br er 
| 
СОСО, Bra > C 
2-butyne red Br Br 


2,2,3,3-tetrabromobutane 


colorless 


Neither F, nor 1, is a useful reagent in alkene addition reactions. Fluorine 
undergoes explosive reaction with organic compounds. Iodine adds to a double 
bond, but the 1.2-diiodo product is unstable and loses I, to re-form the alkene. 


Е ОБЕ 165 = R,C=CR, == I, 


Therefore, we can say this addition reaction is general only for chlorine and bromine. 
A more substituted alkene is more reactive toward X, than a less substituted 
alkene (see Table 9.5). This is the same order of reactivity as that toward HX. 


CH,=CH, RCH=CH, PEG НЕ R,C=CHR R,C=CR, 
increasing reactivity toward Х „ог HX addition 


TABLE 9.5. Relative reactivities of some alkenes toward Вг. in methanol 


Compound Relative rate 
CH.—CH; 1 
СН.СН.СН=СН, 10? 
cis-CH,CH;CH-—CHCH,; 105 
(CH;),C=C(CH;), . 107 


7 12 x JJ . — — 


402 


Chapter 9 Alkenes and Alkynes 


A. Electrophilic attack of X, 


The reaction of X, with alkenes is similar to that of HX. But what is the source 
of the electrophile in X,? When X, approaches the pi-bond electrons, polarity is 
induced in the X, molecule by repulsion between the pi electrons and the electrons 


in the X, molecule. 
6+ б— 


Хх ем 


= polarized by 


H pi electrons 


"тин © С wt 


H | E 

As the X—X bond becomes more polarized, it becomes progressively 
weaker until it finally breaks. The result is a halide ion and a positively charged 
organohalogen ion, called a halonium ion. There is evidence that the halonium 
ion is not a simple carbocation, but is bridged, similar to the intermediate in oxy- 
mercuration. In the case of addition of X, to ethylene or some other symmetrical 
alkene, the bridged halonium ion is symmetrical, with X equally bonded to each 
carbon. 

;Br Br Lus Е, 

i S Bra d % : | | | 
те: === CH,—GH, instead of |CH,—CH, 


a bridged bromonium ion 


If the alkene is unsymmetrical, most of the positive charge is carried on the 
more substituted carbon. Carbocation stability is followed. 


С) { 


Br—Br Br 
uc снн mei 
propene 
i more positive carbon 


B. anti-Attack of X^ 


The bridged intermediate ion is positively charged and of high energy. Like 
a carbocation, it exists only momentarily in solution; reaction is completed by 
attack of a nucleophile (in this case, Вг). A negative Вг cannot attack a carbon 
of the bridged intermediate from the top (as we have shown the structure); that 
path is blocked by the Br bridge. Therefore, Вг attacks from the opposite side of 
the intermediate. The result is anti-addition of Вг, to the double bond. (Contrast 
this mode of addition to the syn-addition of BH;. Section 9.10A.) 


Br H a 
bless ee gui. жн Эа 
“ы cH] 7 уч You 

Br H 
Br 


1.2-dibromopropane 
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ReO OUR 4%. > |В.С--СНК|+Х 


Step ә ач 
5 x 
ue a | 
R.C—CHR|-X  ——-— R,C—CHR 
9 + | 
X 


STUDY PROBLEM 


9.19. Predict the products of Br, addition to: 
(а) CH,CH=CHCH, (b (СН,)„С=СН, (с) (CH,),C=CHCH, 


C. Evidence for anti-addition 


Two pieces of evidence point to a bridged ion as the intermediate in halogen 
addition and to anti-addition as the mechanism. Both pieces of evidence are based 
upon the fact that only one stereoisomeric product is observed in reactions 
where two or more products would be expected from a simple carbocation inter- 
mediate. 

The first piece of evidence is that trans-dihalides (and not cis-dihalides) are 
formed when the product of halogen addition is capable of stereoisomerism. 
If the intermediate were a simple carbocation, both the cis- and trans-isomers 
would be formed. 


fs bridge on top 
+ 


Вг 
О m — 
cyclohexene 2 
Br 
trans-1,2-dibromo- 
cyclohexane 


Additional evidence for anti-addition is encountered in the reactions of geo- 
metric isomers of open-chain alkenes. When either cis- or trans-2-butene is treated 
with Br;, two chiral carbons are generated. 


| 
соншаны =, лш 


2-butene 


(cis or trans) И 


2,3-dibromobutane 
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The product of this addition, 2,3-dibromobutane, can exist in three stereo- 
isomeric forms: a pair of enantiomers and a meso form. The addition of bromine 
to cis-2-butene yields only the enantiomeric pair. No meso form is produced in this 


reaction. 
Br H 
$ CH; 
7 6 
H,C Br 
"T (1 R,2R) 
Br 
Hee H Br. Ha ESAE H 
"СС v EMT E С у 
HO “Зон; н wie “сн; 
cls 
Br Б 
Ши = f en ш 
3 A 
Nodin 
A 
Br СН» 
(15,25) 


On the other hand, the trans-isomer yields only the meso form and not the 
enantiomeric pair. 


Br E. : 

EN 

H ЗС m ^ X 

H Br 
UE 
n | М 

ES both structures 

Н.С-., AH = Н.С, mc H are the 


meso isomer 


trans 


CH; Br 
Н / 
y iere ит, H 
Я 
Вг СН, 


The conclusion is that the intermediate is not an open carbocation. If it 
were, then rotation around the carbon 2-carbon 3 sigma bond would allow all 
three stereoisomers to be formed regardless of the geometry of the starting alkene. 


CH, 
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STUDY PROBLEM 


9.20. What would be the stereochemistry of the reaction of bromine with 
(а) (E)-1.2-dideuterioethene; | (b) (Z)-1.2-dideuterioethene? 


D. Mixed addition 


Bromination reactions of alkenes proceed by way of a bromonium-ion inter- 
mediate, followed by attack by a bromide ion to yield the dibromide. Is the 
second step limited to attack. only by bromide ion? Can other nucleophiles 
compete with bromide ion in the second step to yield other products? Consider the 
case of a bromination reaction carried out with Br, in a solution containing Cl ^ 
(from, say, NaCl). In this reaction, two nucleophiles (Br апа СГ”) are present. 
In such a case, mixed dihalide products are observed —along with the dibromo- 
alkane, we find some bromochloroalkane. 


Br 
"us 
Br к = 1,2-dibromoethane 
CH;—CH; + Br, аи СЇ Вг 
(EI C RID GI 


I-bromo-2-chloroethane 


STUDY PROBLEM 


9.21. Would you expect to find 1.2-dichloroethane as a product in the preceding 
example? Explain. 


SAMPLE PROBLEM 


When propene is treated with Br, + С, only one bromochloropropane is 
isolated as a product. What is its structure? Show, by equations, its formation. 


Solution: 
Step ! ae 5+ 
A Br 
| -B 1. | s 
CH,CH=CH, + Вг, —— CHCH CHI not CH,CH—CH, 
ó- * 
мер 2 
ГЕ 
„Вг iu Br 
ан Өй, + Cl 0 БЫ not CH,CHCH;CI 
ó- 
CI 
I-bromo-2- 


chloropropane 
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E. Addition of halogens and water 


When an alkene is treated with a mixture of Cl, or Вг, in water, а 1,2-halohydrin 
(a compound with X and OH on adjacent carbon atoms) is formed. 


General: 
X 
ke- GN. 1795 Ч №. 
жаке OH 


а 1,2-halohydrin 


The path is similar to that for mixed halogen addition: 


Step 1: бу 
Al 


"I 
CH,;CH=CH, ap Cl, = NX ee CH,CH—CH, dp CI 


Step 2: 
5+ 
A ei 
CH,CH—CH, a0: c Һе 
CI 
Н? | 
€ CH,CHCH, 
:OH 


| -chloro-2-propanol 
(propylene chlorohydrin) 


STUDY PROBLEM 


9.22. What would be the product of the reaction of cyclopentene with aqueous Cl, ? 
Write equations for the steps in this reaction (complete with stereochemistry). 


SECTION 9.12. 
Addition of Carbenes to Alkenes 


If a student were asked whether a compound with the structure CH; exists, 
the reply might be, * No, because the carbon only has two bonds." However, such 
a species does have a fleeting existence. It is called methylene and belongs to a class 
of highly reactive intermediates called carbenes (В ,C:). 

The existence of : CH, was established spectroscopically in 1959. It has been 
shown that there are two different methylenes, each with a carbon containing six 


d e de а — ————H  —— M ион 
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bonding electrons rather than the usual eight. Singlet methylene (:СН,) has an 
sp? -hybridized carbon and a pair of unshared electrons. Triplet methylene (HCH) 
contains an sp-hybridized carbon and two unpaired electrons.* The orbital pictures 
of these two structures are presented in Figure 9.10. 


onee in each 


empty p orbital d 
jns E) p orbital 


4 А 
filled sp? ' \ J 


orbital 
singlet methylene, :CH, triplet methylene, HCH 
(C is sp- ) (C is sp) 


FIGURE 9.10. Orbital pictures of the two methylenes. 


Singlet methylene is formed by the photolysis (cleavage by light) of diazo- 
methane (CH,N,) or ketene (CH,=C=O), both of which are unusual and 
reactive compounds themselves. 
н-к: ТҮ... 


:CH,—N-N: СН,=М№==М№:7 —— сн, Sw 
NES 


кА 


resonance structures for diazomethane 


RN hy 
CH;-—C-—O 
SU 


ketene 


:СН, + CO 


Triplet methylene cannot be prepared directly. However. if singlet methylene 
is dissolved in an inert gas, it undergoes a slow transformation to triplet methylene, 
which is the more stable of the two methylenes. 

Both methylenes are electron-deficient and electrophilic. Their most im- 
portant reaction is addition to alkenes to yield substituted cyclopropanes. Singlet 
methylene gives a stereospecific syn-addition. This type of addition suggests a 
concerted, or one-step, reaction. 


* The terms singlet and triplet arise from the multiplicity of electronic states of the two 
methylenes. The spin number of an electron may be denoted as +4 or — 3, 
depending on the direction of spin. The magnitude of the vector sum of the spin 
numbers is called S. If all electrons are paired (of opposite spin numbers), 

S = 0[(—3) + (—3) = 0]. If two electrons are unpaired. 5 = +1 

K= + (+3) = +1 or (—4) + (2) = — 1]. Multiplicity is defined as 25 + 1. ' 
For :CH; (paired electrons). 5 = 0. Its multiplicity is therefore 2(0) + 1, 

ог + |. | Singlet” refers to +1. For HCH (two unpaired electrons), 5 = 1. 

Its multiplicity is 2(1) + 1. or +3. “Triplet” refers to +3. 
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R R R R 
7s 2 E 7 
C=C + СН, SS! G-—G 
2 by ASSES 
H H singlet H CH, H 

cis methylene 


a cis-dialk ylcyclopropane 
(meso) 


R H R H H R 
SS 2 < А S TA 
C=C т ССН, = CG + =E 
Ya SS КОВ Z oN 
H R singlet H CH,R R scm 

trans methylene 


a trans-dialkyleyclopropane 
(racemic) 
Triplet methylene, on the other hand, gives nonstereospecific addition. Its 
addition follows a free-radical path, in which rotation can occur in the diradical 
intermediate. The result is a mixture of stereoisomeric products. 


Hn CH; 
. gas phase | | 7 Es $ 
RCHRCHR +H—-G-H | — RON m 
cis or trans triplet ‘CHL mixture of 
methylene \ и cis and trans 


rotation 


A major side reaction in the formation of cyclopropane rings with singlet 
methylene is an insertion reaction, in which :CH, inserts itself into a C—H bond. 
Because of the high reactivity of :CH,. insertion reactions are unselective and 
yield mixtures. 

CH,CHCH, ШЕ СН, DA CHCH CHCH, ar е 


а 


Another carbene, dichlorocarbene (СІ,С :), is formed by the reaction of 
strong base and chloroform. This reaction is related to elimination reactions 
of alkyl halides in that the base removes the elements of НС! from the molecule. 
The elimination reaction of CHCl, is an х elimination instead of a В elimination. 
(A molecule that has a f hydrogen will lose the В hydrogen in preference; however, 
СНС has no В hydrogen.) 


Step 1: Cl СІ Ё 
Na " | 
(GĦ RGO ААС ОНЕР] 
t-butoxide ion м ^ 
chloroform 
Step 2: Gl ig 
‚Се — О ТЕ 
d dichlorocarbene 


Dichlorocarbene adds to double bonds to yield gem-dihalocyclopropanes. 
(Gem means “оп the same carbon.") 


CI 
icc; — [ Dx 
@ ас Cl 


9.23. 


9.24. 
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STUDY PROBLEMS 


Predict the structures and stereochemistry of the products of the following addition 
reactions: 


(a) cis-3-hexene + singlet methylene ————À 
(b) cis-3-hexene + triplet methylene ——— 
(c) trans-3-hexene + singlet methylene ———— 


(d) trans-3-hexene + triplet methylene ———— 


Give equations for the carbene reactions that would yield the following products: 


Br Br 


О „Ох 
(а (b) CI 


SECTION 9.13. 


Catalytic Hydrogenation 


The catalytic addition of hydrogen gas to an alkene or alkyne is a reduction 
of the pi-bonded compound. The reaction is general for alkenes, alkynes, and 
other compounds with pi bonds. 


Alkenes and alkynes: 


P 
CHCH CH. TIL creer CH 


propene propane 


ь | 
ео GL MELLE. 


propyne propane 


Other pi systems: 


О ү” 
| Pt 
СН.ССН, + Н, hacia СН.СНСН, 
асеїопе 2-propanol 
P 
CHEN 420, —— — , см 
ethanenitrile ethylamine 


(acetonitrile) 


Pt 
————— 
©) + 3H heat, pressure "m 


benzene cyclohexane 
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A. Action of the catalyst 


Hydrogenation reactions are exothermic, but they do not proceed spontane- 
ously because the energies of activation are extremely high. Heating cannot 
supply the energy needed to get the molecules to the transition state; however, 
reaction proceeds smoothly when a catalyst is added. 

A finely divided metal or a metal adsorbed onto an insoluble, inert carrier 
(such as elemental carbon or barium carbonate) is often used as a hydrogenation 
catalyst. The metal chosen depends on the compound to be reduced and the 
conditions of the hydrogenation. For example, platinum, palladium, nickel, 
rhenium, and copper are all suitable for the reduction of alkenes. For esters, which 
are far more difficult to reduce, a copper-chromium catalyst (plus heat and 
pressure) is usually used. 

A poisoned catalyst (one that is partly deactivated) is used for hydrogenation 
of an alkyne to an alkene instead of to an alkane. Palladium that has been treated 
with quinoline (page 757) is a typical poisoned catalyst. 


d arfi 
СиО ане аниа SSE M h 


ргорупе ргорепе 


How does a hydrogenation catalyst ease the course of a hydrogenation 
reaction? Experimental evidence supports the theory that first the hydrogen 
molecules are adsorbed onto the metallic surface, then the H, sigma bonds are 
broken, and metal-H bonds are formed. The alkene is also adsorbed onto the 
metallic surface, with its pi bond interacting with the empty orbitals of the metal. 
The alkene molecule moves around on the surface until it collides with a metal- 
bonded hydrogen atom, undergoes reaction, and then leaves as the hydrogenated 
product (see Figure 9.11). 

The overall effect of the catalyst is to provide a surface on which the reaction 
can occur and to weaken the bonds of both Н» and the alkene. The result is a 
lowering of the energy of activation for the reaction. Figure 9.12 shows energy 
diagrams for a hydrogenation reaction. Note that the catalyst does not affect the 
energies of reactants or products. The AH for the reaction is not changed by catalytic 
action; only the E «is changed. 


act 


R R 
RN SR 
С—С 
H—H +R,C=CR, | | Te 
metal surface ==> ‘ ' ст > 
R R R R 
Re ФБ RŠ г В 
“= a meer (et 
H u^ : ve N 


—> 


FIGURE 9.11. Hydrogenation of an alkene. 
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-insurmountable 


| 
"g without catalyst 


_— surmountable 
with catalyst 


— di ——3» 


AH (not changed) 


Progress of reaction ———2» 


FIGURE 9.12. Energy diagrams for a hydrogenation reaction. 


In recent years, soluble catalysts have been developed so that hydrogenation 
can occur in a homogeneous solution, rather than on a surface. These catalysts 
are organic metal complexes, such as [(C,H;)3P ]; RhCI. If the organic portion of 
the catalyst is chiral, it is sometimes possible to reduce an achiral compound to a 
single enantiomer instead of the usual racemic mixture! This type of synthesis is 
analogous to the action of enzymes in living systems. Unfortunately, these 
soluble catalysts are difficult to use and are not practical in all situations. 


B. Stereochemistry of hydrogenation 


Evidence shows that the two hydrogen atoms add to the same side of, or syn to, 
the double bond when a solid catalyst is used. The syn-addition arises from the 
fact that the reaction occurs on a surface; access by Н, to only one side of the pi 
bond is more favorable than access to both sides. If the hydrogenation products 
are capable of geometric isomerism, the cis-product is usually observed as the 
predominant product. (In some cases, however, isomerization to the more stable 
trans-product occurs.) 


DN else. 
п. deactivated Pd 

—( —{ — ears. же 
о, syn-addition la ^ 


2-butyne H H 


cis-2-butene 


H 
CH, ENIM = Г may 
/ 3 2 
сне CH, 


1,2-dimethyl- 1- cyclohexene cis-1,2-dimethylcyclohexane 
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C. How heats of hydrogenation show alkene stability 


The heat of hydrogenation of an alkene is the energy difference between the 
starting alkene and the product alkane. It is calculated from the amount of heat 
released in a hydrogenation reaction. Table 9.6 lists the heats of hydrogenation of 
a few alkenes. 


TABLE 9.6. Heats of hydrogenation for some alkenes and dienes 


Name Structure — AH, kcal/mole 
ethene (ethylene) CH,=CH, 32.8 
propene (propylene) CH,CH=CH, 30.1 
1-butene CH,CH,CH=CH, 30.3 
cis-2-butene cis-CH,CH=CHCH, 28.6 
trans-2-butene trans-CH,CH=CHCH, 27.6 
js 
2-methyl-2-butene CH,C=CHCH, 26.9 
os 
3-methyl-1-butene CH,CHCH=CH, 30.3 
1,3-butadiene CH;—CHCH-CH; 5-1 
1,4-pentadiene CH,=CHCH,CH=CH, 60.8 


Let us consider the three alkenes that can be reduced to butane: 


CH;CH,CH=CH, 


H;, Pt 
ci-CH,CH—CHCH, —2> CH,CH,CH,CH, 
Н,. Pt butane 


trans-CH,CH=CHCH, 


The product butane has the same energy regardless of the starting alkene. Any 
differences in AH for the three reactions reflect differences in the energies of the 
starting alkenes. The greater the value of the AH of hydrogenation, the higher is 
the energy of the starting alkene (see Figure 9.13). 


CH, CH,CH ==CH, cis-CH, CH == CHCH; trans-CH, CH == CHCH; 


"—> 


—30.3 kcal/mole 27.6 kcal/mole 


— Progress of reaction — — Progress of reaction —> — Progress of reaction — 


FIGURE 9.13. Comparison of the heats of hydrogenation of the three butenes that yield 
butane upon reduction. 
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From the differences in AH, we can see that I-butene contains 1.7 kcal/mole 
more energy than cis-2-butene. cis-2-Butene, in turn, contains 1.0 kcal/mole more 
energy than rrans-2-butene. The relative heats of hydrogenation of these com- 
pounds show that rrans-2-butene is the most stable of the three butenes and that 
1-butene is the least stable. 

From just such AH comparisons, the relative stabilities of a large number of 
alkenes have been determined. The following statements summarize what we 
have learned about alkene stabilities: 


1. Alkenes with more alkyl groups on the pi-bond carbons are more stable 
(probably because of the inductive effect of alkyl groups, which release 
electron density toward the sp? carbons). 


GH- GH- RCH=CH; RCHZCHR  R-C= CH- R€- GHR  R.C—CR) 
increasing stability 


nw 


Conjugated dienes are more stable than dienes with isolated double bonds 
(because of delocalization of the pi-electron density). 


3.  trans-Alkenes are more stable than cis-alkenes (because there are fewer 
Steric repulsions in trans-isomers). 


repulsion wy 


H H H H H H 


Nea NM ZA буза, 
@ С С Н 
VON NS я “SN 74 
Н C= H H C=C H 
Р SS vs A A 
H H © 
ZW 
H H 
less stable more stable 


STUDY PROBLEM 


9.25. Which of each of the following pairs of alkenes would you expect to show the 
greater difference in energy between the cis- and trans-isomers? Why? 


(а) (CH,);CCH=CHCH,CH, and CH,CH=CHCH, 
(b СІСН==СНСІ and CH,CH—CHCI 


D. Hydrogenation of fats and oils 


The molecules of animal fats and vegetable oils contain long hydrocarbon chains. 
In vegetable oils, these chains are polyunsaturated (have several double bonds). 
Solid fats, on the other hand, usually contain few, if any, double bonds. 

A vegetable oil may be converted to a substance of more solid consistency 
by partial hydrogenation of the double bonds. The process of converting liquid 
oils to solid fats by this technique is called hardening. Although the polyunsaturates 
may be more healthful, the hydrogenated products are generally more palatable. 
Partially hydrogenated peanut oil is used to make peanut butter, and partially 
hydrogenated corn oil or safflower oil is used in margarine. Note that the carbonyl 


| 
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groups in the vegetable oil do not undergo hydrogenation under these conditions 
because they are more difficult to hydrogenate. Also note that any or all of the 
carbon-carbon double bonds could be hydrogenated; therefore, a mixture of 
partially hydrogenated products would result. 


i i 
en ocha СН, CHJOG(GH,),3GMy 
| | 
CHOC(CH,);CH=CH(CH,),CH, ‚Не, CHOC(CH,),CH=CH(CH,),CH, 
i i 
CH,OC(CH,),CH=CHCH,CH=CH(CH,),CH, CUPS). Gi 
a typical vegetable oil a typical fat 


SAMPLE PROBLEM 


Dehydrogenation, the reverse reaction of hydrogenation, is carried out by heating 
a compound in the presence of the same type of catalyst as used for 


hydrogenation. 
heat 


Predict the dehydrogenation products of the following reactions: 


_ Pt Pi 
(a) OO um (b) (Q-ouen, E 
Solution: (a) OO оўу. vb) Ө CH=CH, + Н, 


SECTION 9.14. 


Oxidation of Alkenes 


Alkenes can be oxidized to a variety of products, depending on the reagent 
used. Reactions involving oxidation of a carbon-carbon double bond may be 
classified into two general groups: (1) oxidation of the pi bond without cleavage 
of the sigma bond, and (2) oxidation of the pi bond with cleavage of the sigma bond. 

The products of oxidation without cleavage are either 1,2-diols or epoxides. 


Without cleavage: 


3 ws О OH OH 
N ^ (je ми | | 
СС ИСС ог —(——Ó— 
КА ES РА N | | 
9 an epoxide a 1,2-diol, or glycol 


When both the sigma bond and the pi bond of an alkene are cleaved in an 
oxidation, the products are ketones, aldehydes, or carboxylic acids. 


Vet cleavage 


ketones 
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O О 
| | 
ог =GH or GOL 
aldehydes carboxylic acids 


A variety of reagents are used to oxidize alkenes. Some of the more common 


ones are listed in Table 9.7. 


TABLE 9.7. 
Reagent 


Oxidation without cleavage: 
KMnO, with ОН” (cold) 
OsO, followed by NaSO, 
C.H;CO,H 


Oxidation with cleavage: 
KMnO., (hot) 
О, followed by Н.О, with H^ 
О, followed Бу Zn with H^ 


А.  Diol formation 


Common reagents for oxidation of alkenes 


Products 


1,2-diols 
1.2-diols 
epoxides 


carboxylic acids and ketones 
carboxylic acids and ketones 
aldehydes and ketones 


The most popular reagent used to convert an alkene to a 1,2-diol is a cold, alkaline, 
aqueous solution of potassium permanganate (even though this reagent usually 
gives low yields). Osmium tetroxide (OsO,) gives better yields of diols, but the 
use of this reagent is limited because it is both expensive and toxic. Both the 
permanganate and the OsO, oxidations proceed by way of cyclic inorganic esters, 


which yield cis-diols if the product is capable of geometric isomerism. 


MnO, OH” 
CH.—CH. ———— CH,—CH, ——  CH.—CH, + MnO, 
ethylene o. 9 OH OH 
Мп 1,2-ethanediol 
n^ № o- (ethylene glycol) 
Os ^ ! H 
РКС CES ге. 
О а OH 
cyclohexene О зуу ве OH 
L cis -1,2- cyclohexanediol 
Cenera 
OH OH 
ама M 0k ; 
RI с. 
z syn-add'con д z 
an alxene а 1.2-diol 
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The reaction with cold permanganate solution constitutes the Baeyer test 
for unsaturation in compounds of unknown structure. The test solution (КМпО.) 
is purple. As the reaction proceeds, the purple color disappears and a brown 
precipitate of MnO, is observed. The Baeyer test for double bonds, while widely 
used, has a serious limitation: any easily oxidized group (aldehyde, alkene, alkyne) 
gives a positive test result. 


STUDY PROBLEM 


9.26. The following compounds are treated with OsO,, followed by Na,SO,. What 
products would you expect? (Indicate any stereoisomerism.) 


(а) CH,CH=C(CH,);~ (b) um 


B. Ерохійе formation 


Treatment of an alkene with peroxybenzoic acid in an inert solvent, such as 
СНС1, or CCI,, yields an epoxide, or oxirane. 


О О О 
| = | 
CHCH = CHCH, + COOH ——— CH,CH—CHCH, + COH 
2-butene peroxybenzoic 2,3-dimethyloxirane benzoic acid 


acid 


The reaction path involves transfer of an oxygen from the peroxyacid directly 
to the alkene. 


R R R TR 
FP ba | Y O 
С О 7 а 
— e 


uw c [70+ ү 
w REG Q: 
= H f o. dt 


In Chapter 7, we discussed the S42 cleavage of epoxides, which results in 
trans-1,2-diols. By contrast, oxidation of an alkene with OsO, or cold KMnO, 
yields cis-1,2-diols. Thus, either type of diol may be prepared from an alkene, 
depending on the choice of reagents. 


| OH 
cold MnO,” OH 
©. cis-1,2-cyclopentanediol 


cyclopentene C,H,CO,H 
OH 
H;O 
$ 
Н* or OH- 


OH 


trans-1,2-cyclopentanediol 
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C. Oxidation with cleavage 


Thé products of oxidation with cleavage depend both upon the oxidizing conditions 
and upon the structure of the alkene. Let us consider first the structure of the 
alkene. 

The structural feature of the alkene that determines the products of oxidative 
cleavage is the presence or absence of hydrogen atoms on the alkene carbons. ЇЇ each 
alkene carbon is not bonded to a hydrogen atom (that is, each alkene carbon is 
disubstituted), then oxidative cleavage results in a pair of ketone molecules. 


H,C G 
j „СН, " Н.С „CH, 
ЕО 6 
" A ` 
Ha N eci Н,С CH, 


| А а ketone 
disubstituted 


(no hydrogens) 


If, on the other hand, each alkene carbon has a hydrogen attached to it, then 
the products of oxidative cleavage are either aldehydes or carboxylic acids, de- 
pending upon the reaction conditions. 


Н.С СН, 
S$ 7 
C=0 + O=C 
[О] 7 ES 
Н.С CH, H H 
`~ а E an aldehyde 
Par EN 5 
[О] 
H N H H С С H 1 
monosubstituted J C—O + O=C с 
(one hydrogen) HO OH 


a carboxylic acid 


If one side of the double bond is disubstituted while the other side is mono- 
substituted, then oxidative cleavage results in a ketone from the disubstituted 
side, and an aldehyde or carboxylic acid from the monosubstituted side. 


C op O 
[0] 7 iw 
H,C CH; H CH; 
Er = Gq an aldehyde a ketone 
[О] 
H CH; H,C ан, 
Sy a 
C=O +0=C 
/ ^W 
HO СН, 
a carboxylic acid a ketone 


D. Cleavage with KMnO, 


A hot solution of KMnO, is a vigorous oxidizing agent that leads to only ketones 
and carboxylic acids. (Aldehydes cannot be isolated from KMnO, solutions; they 
are oxidized promptly to carboxylic acids.) 


418 


Chapter 9 Alkenes and Alkynes 


H,C CH, О О 
N А MnO," | || 
сш СН;СОН +СН.ССН, 
H CH, acetic acid acetone 
2-methyl-2-butene 


Under these vigorous oxidizing conditions, the carbon of a terminal double 
bond is oxidized to CO,. 


А to СО, 
MnO,” 
qum > к= + СО, + H,O 


methylene- cyclopentanone | 
cyclopentane 


The reason for CO; formation is that the methylene group is first oxidized to 
formic acid, which is further oxidized to carbonic acid. The latter undergoes | 
spontaneous decomposition to CO, and Н,О. 


R О О | 
` 5 ] * J | 
,C—€H, — > HOCH |e >= носон — 805480. 


К formic acid carbonic acid 


E.  Ozonolysis 


of unsaturated compounds because it results in the degradation of large molecules 
into smaller, identifiable fragments. Ozonolysis consists of two separate reactions: 
(1) oxidation of the alkene by ozone to an ozonide, and (2) either oxidation or 
reduction of the ozonide to the final products. 

The initial oxidation is usually carried out by bubbling ozone through a 
solution of the alkene in an inert solvent such as CCl,. Ozone attacks the pi bond 
to yield an unstable intermediate called a 1,2,3-trioxolane. This intermediate 
then goes through a series of transformations in which the carbon-carbon sigma 
bond is cleaved. The product is an ozonide (a 1,2,4-trioxolane), which is rarely 
isolated, but is carried on to the second step. 


Ozonolysis (cleavage by ozone) has been used for determining the structures 
! 
| 


22 
H,C сн, О О 
М / А = \ / many steps 
LE ыо О0О ЕСС 0 
H CH, ozone | о 
2-methyl-2-butene a 1,2,3-trioxolane 


нс 0-0 GH, 
O гары 
и ч 

u/ “о CH, 


an ozonide 
(a 1,2,4-trioxolane) 
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The second reaction in ozonolysis is either the oxidation or the reduction of 
the ozonide. If the ozonide is subjected to a reductive work-up, a monosubstituted 
carbon of the original alkene yields an aldehyde. If an oxidative work-up is used, 
then a monosubstituted carbon yields a carboxylic acid. In either case, a disub- 
stituted carbon of the alkene yields a ketone. 


Reductive work-up to aldehydes and ketones 


H EG (30 CHS 

NDS hw Zn | | 
AN PAS TH. HO" CH,CH + CH,CCH, 
H / О MGE acetaldehyde acetone 


A 
to aldehyde to ketone 


Oxidative work-up to carboxy lic acids and ketones. 


LE 620 Ссн. О 
үл, А H,0,, н: | || 
НХ О M 3 acetic acid acetone 
to carboxylic acid to ketone 


SAMPLE PROBLEM 


Predict the products of reductive ozonolysis of 7-terpinene, a compound found 
in coriander oil: 


сн, 


СН(СН у)» 


Solution: О CH; 


CH(CH); О 


STUDY PROBLEM 


9.27. What would be the products of both reductive and oxidative ozonolyses of each 
of the following alkenes or dienes? 


«CO *QO (С) 60 
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SECTION 9.15. 
1,2-Addition and 1,4-Addition to Conjugated Dienes 


Many of the reactions of conjugated dienes are identical to those of compounds 
with isolated double bonds. Acidic reagents and the halogens can add across one 
or both of the р! bonds. In conjugated-diene systems, these simple addition reac- 
tions are called 1,2-additions, a term that refers to addition to the first and second 
carbons of a four-carbon, conjugated-diene system, and not necessarily to nomen- 
clature numbers. 


1,2-Addition reactions: 


ms 
H 
CH= CHCH-GH, 2225. бшсен си, 
1,3-butadiene 3-bromo-1-butene 
CI “| 


cello | | 
CH,CH—CHCH-CHCH, ——— CH,CH—CHCH-CHCH,; 
2,4-hexadiene 4.5-dichloro-2-hexene 


STUDY PROBLEM 


9.28. Predict the product of 1,2-addition to the second double bond in each of the two 
preceding examples. 


Along with 1,2-addition, conjugated dienes can also undergo 1,4-addition. 
In these reactions, one equivalent of the reagent adds to the two end carbons 
(carbons 1 and 4) of the diene system; the remaining double bond ends up in the 
center of the original diene system. 


1,4-Addition reactions: 
H Br 


| | 
CH,=CHCH=CH, 98, CH,—CH=CH—CH, 


1,3-butadiene |-bromo-2-butene 


CI CI 


| | 
CH;CH=CH@H=CHCH, — > CH,CH—GH=CH—CHEH, 


2,4-hexadiene 2,5-dichloro-3-hexene 
Let us look at the mechanism of each type of addition. The mechanism for 
1,2-addition is the same as that for addition to an isolated double bond. (The 


reaction of 1,3-butadiene goes through the more stable secondary carbocation and 
not through the less stable *CH,CH,CH=CH,.) 


1,2-Addition: 


H 1 н 
hd | * B ү; 
kH.—OHCHESCHS —— GPS снсн=си» ° CH,—CHCH=CH, 


a 2? carbocation 3-bromo-1-butene 
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The mechanism for | .4-addition is a direct extension of that for 1,2-addition. 
The carbocation in the preceding example is an allylic cation (Section 5.7A) and is 
resonance-stabilized. Because of the resonance-stabilization of the allylic cation, 
there is a partial positive charge on carbon 4 of the diene system as well as on carbon 
2. Attack at carbon 4 leads to the 1.4-addition product. 


1 J4-Addition 
H H 


: | Р | 
сн,=снсн=сн, —L |©н.—сбн”бн>сєн. «< CH,—CH=CH—CH, 


| i 

Ens 

— —o CH,—CH=CH—CH, 
]-bromo-2-butene 


If just one equivalent of reagent is added to 1,3-butadiene, a mixture of two 
products results: 3-bromo-1-butene from 1,2-addition, and 1-bromo-2-butene 
from 1,4-addition. 


SAMPLE PROBLEM 


(a) Write the structures of all possible carbocation intermediates in the addition 
of one equivalent of HI to 2.4-hexadiene. 
(b) Which carbocation would you expect to be formed at the faster rate? 


Solution: 


(a) CH,CH=CH—CH=CHCH, —H— 


[еы ашы кыы акшы оен Ыс СН анена 
(Addition of Н? to the other double bond gives identical intermediates.) 


(b) The first carbocation shown would be formed at the faster rate because it is 
a resonance-stabilized, allylic carbocation. 


STUDY PROBLEMS 


9.29, Write the resonance structures for the principal intermediate in the preceding 
sample problem, and give the structures of the principal products. 


9.30. Predict the products of the addition of one equivalent of bromine to the 
following dienes: 


1000196 


In the reaction of 1,3-butadiene with one equivalent of HBr, the ratio of 1,2- 
addition to 1,4-addition varies with the temperature at which the reaction is carried 
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out. At — 80°, the 1,2-addition product predominates. At 40^, the 1,4-addition 
product predominates. 


Br 


| 
СН,СНСН=СН, + CH,;CH=CHCH,Br 
80° 1,2-ргодис1 1,4-ргойис! 
80%, 207; 
CH,=CHCH=CH, + HBr 


1,3-butadiene 40° 
^ 
CH;,CHCH-CH, + CH,CH—CHCH,Br 
20% 80% 


It has also been observed that warming 3-bromo-1-butene (the 1,2-addition 
product) to 40? with a trace of acid results in an equilibrium mixture that is pre- 
dominantly 1-bromo-2-butene (the 1,4-addition product). 


Br 


| н", 40 
CH,CHCH—CH, == CH,CH=CHCH,Br 
20% 80% 


How can we explain these observations? At low temperature, the reaction 
yields predominantly the 1,2-addition product because the 1,2-addition has the 
lower E, (because the 2? carbon carries more + charge than the 1° carbon) and 
thus the faster rate. The relative rates of the reactions control the product ratio. 
We say that the reaction is under kinetic control at low temperatures. Figure 9.14 
shows the energy diagram for the competing reactions. 

At higher temperatures, a greater percentage of molecules can reach the 
higher-energy transition state, and the two products are in equilibrium. The more 
stable 1,4-product (which is the more substituted alkene) predominates. At the 
higher temperatures, the relative stabilities of the products control the product 
ratios, and the reaction is under equilibrium control, or thermodynamic control. 
Figure 9.15 shows the energy diagram for the equilibrium. 


more stabilized transition state: 
faster rate 


ji 
CH,=CHCHCH, 


favored at —80° 


E [CH,—CH-CcH--CH,] 


CH,CH—CHCH,Br 


— Progress of reaction ————39 


FIGURE 9.14. Partial energy diagram for the reaction of 1,3-butadiene with HBr. At – 80°, 
the 1,2-addition product predominates. 
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(CH, — CH zzz CH == CH; | 


| 


e 


Br 


CH,CH = CHCH, Br CH; = СНСНСН; 
favored at 40? 


<— Progress of reaction 2 


FIGURE 9.15. Energy diagram for the equilibrium between the 1,2- and 1,4-addition 
products. At 40°, the 1,4-addition product predominates. 


STUDY PROBLEMS 


9.31. Which geometric isomer of 1-bromo-2-butene would predominate at 40°? 

9.32.  ],3-Butadiene is treated with one equivalent of Br; at — 15°. Two structural 
isomers are obtained: 46° A and 54% B. When the reaction is carried out at 
60°, the product mixture contains 90% A. What are the structures of А and B? 

SECTION 9.16. 


The Diels-Alder Reaction 


One very important type of 1,4-addition is represented by the Diels-Alder reaction, 
which is a route to cyclic compounds from acyclic ones. The reaction is named 
after the German chemists Otto Diels and Kurt Alder, who jointly received the 
1950 Nobel prize for their work in this area. In a Diels-Alder reaction, a diene is 
heated with a second unsaturated compound, called the dienophile (** diene-lover ”) 
to yield a product containing a six-membered ring. 


],3-butadiene propenal 3-cyclohexene-1- carboxaldehyde 
the diene the dienophile 100% 


The Diels-Alder reaction is but one example of a larger class of reactions 
called pericyclic reactions. In this section, we will limit our discussion to the Diels- 
Alder reaction. In Chapter 17, we will discuss the theory of pericyclic reactions. 
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A. Line formulas and conformations 


Because the Diels-Alder reaction converts open-chain compounds to cyclic 
compounds, the use of line formulas is very convenient for representing the open- 
chain compounds in this reaction. These line formulas are directly analogous to 
polygon formulas that represent rings. 


|| or = means CH,=CH, 
AOS OF 5 means CH,CH=CH, 
ZA ог Ко, means CH,=CHCH=CH, 
CHE 


means 


CH(CH,), 


Another convention is the use of the terms s-cis and s-trans to describe the 
conformations of conjugated dienes. (The letter **s"' is used because it is the geom- 
etry around the central single bond that determines the conformation.) The follow- 
ing compounds illustrate the use of the terms. For open-chain compounds, these 
formulas do not represent true isomers, but conformers, because sigma-bond ro- 
tation (requiring about 5 kcal/mole for 1,3-butadiene) is all that is needed for con- 
version from one to the other. 


s-cis S-trans 
TE c See ino: | 
s-cis Н.С CH, 
even though the S-cis 
stereochemistry at and (Z), or 
each double bond is cis, at each 
(Е), or trans double bond 


When the diene function is part of a cyclic system, the s-cis and s-trans 
structures represent different compounds; interconversion cannot occur without 


bonds being broken. 


s-cis S-trans 


STUDY PROBLEM 


Classify each of the following dienes as s-cis or s-trans. Indicate which is 
interconvertible with the other form. 


Е 
| 
] 
i 
j 
7 


n 
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In a Diels-Alder reaction, the diene must have the s-cis, not the s-trans, con- 
formation. In some structures (such as l,3-butadiene), the s-cis and s-trans 
conformers are readily interconvertible. In other diene systems (such as in ring 
systems), the s-/rans isomer does not undergo reaction. 


some s-cis dienes that can be used in a Diels-Alder reaction. 
" d = = 222 
O O 
Su = = — 


B. Examples of Diels-Alder reactions 


Using the line-formula symbolism, we can show the Diels-Alder reaction that was 
presented on page 423 as: 


O O 
| | 
r CH CH 
28 100 
Ы: 
the diene the dienophile the product 


The dienophile usually contains other unsaturation (an aldehyde group in the 
preceding example) that does not participate directly in the addition reaction. This 
group does, however, enhance the reactivity of the dienophile's carbon-carbon 
double bond (the site of reaction) by electron-withdrawal. (Remember, the carbon 
in C=O carries a partial positive charge.) 

A few examples of the types of dienes and dienophiles used in Diels-Alder 
reactions follow. You can see from these examples the versatility of this reaction 
in the synthesis of cyclic compounds. 


CO,CH,CH, COCHE: 
a : Г heat 
+f heat, 
Su 
CN CN 

222 Е 

Der = 

= 


2 N е № 2) 
OY =o 
= X INEST 


О 
|; = Q heat O 
О 
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Industrially, a number of insecticides are prepared by Diels—Alder reactions. 


CI CI CI CI CI 
D с E 
E. ned А MAS X Cl 
CI Cl Diels-Alder 
CI CI 
eei Cl Cl 
и, chlordane 


CH=CH 
Diels-Alder 
CI I 


"51 


Lr Chu Ele abs 
arme m Alder 
aldrin a 
STUDY PROBLEMS 


Predict the Diels-Alder products: 


О 
O 


Suggest a synthesis for the following compound. (Hint: An alkyne may be used 


as a dienophile.) 
eas ;CH; 
CO;CH;CH; 


C. Stereochemistry of the Diels-Alder reaction 


A Diels-Alder reaction is a concerted, cis-, or syn-addition and is thus stereo- 
specific. 


a cis-dienophile 
pisi s a cis-product 
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There are two ways a diene can approach a dienophile. In some cases, two 
possible products can be formed. The two modes of addition are called endo 
(inside) and exo (outside), as the following examples show. The endo addition is 
usually favored, probably because of favorable interactions of the pi orbitals of 
the developing double bond and the pi orbitals in the unsaturated group. In the 
endo product of our example, the carbonyl group of the dienophile is trans to the 
bridge. In the exo product, the dienophile C=O is cis to the bridge. 


— bridge 
PT 


H 


endo (far нч EEUU. те“ heat A 
H 
H 
OHC 


а to bridge 


H 
m NS H [ 
E тер heat Н 


ехо 
MIC UEM H CHO 
А 
CHO SN —cis to bridge 


STUDY PROBLEMS 


9.36. Predict the product (including stereochemistry): 
ji 
/ \ H COCH;CH; heat 
os » a 4 А 
О CH, H 
9.37. The following Diels-Alder reaction can yield two isomeric cyclohexenes. What 
are their structures? 
m 
h 
CH,=CHC=CH, + CH,=CHCHO ———> 
SECTION 9.17. 


Polymers 


Polymers are giant molecules, or macromolecules. Natural polymers include 
proteins (such as silk, muscle fibers, and enzymes), polysaccharides (starch and 
cellulose), rubber, and nucleic acids. Man-made polymers are almost as diverse as 
nature’s polymers. We wear polyester clothes, sit on vinyl chairs, and write on 
Formica table tops. Our rugs may be made of polyester, polyacrylic, or poly- 
propylene. Sky divers use nylon parachutes. We paint walls with latex paint and 
protect wood floors with polyurethane. Automobiles may have synthetic rubber 
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tires and vinyl upholstery. Dishes may be melamine. Other common polymeric 
products include food wrap, Teflon coating for frying pans, hairbrushes, tooth- 
brushes, epoxy glue, electrical insulators, plastic jugs, heart valves, airplane 
windshields—the list could continue! The technology of macromolecules has 
become a giant in the world of industry. 

Polymers fall into three general classifications: elastomers, those polymers 
with elastic properties, like rubber; fibers, the threadlike polymers, such as cotton, 
silk, or nylon; and plastics, which can be thin sheets (kitchen wrap), hard and 
moldable solids (piping, children's toys), or coatings (car finishes, varnishes). 
The multiplicity of properties depends on the variety of structures that are possible 
in polymers. 

Many useful polymers come from alkenes, and we will discuss some of these 
here. Other types of polymers will be covered in appropriate sections elsewhere in 
this text. 

A polymer (Greek, “many parts") is made up of thousands of repeating 
units of small parts, the monomers (Greek, “опе part"). In a polymerization 
reaction, the first products are dimers (“ two parts"), then trimers, tetramers, and 
finally, after a series of reaction steps, the polymer molecules. The polymers that 
we will discuss here are called addition polymers because they are formed by the 
addition of monomers to each other without the loss of atoms or groups. 

A synthetic polymer is usually named from the name of its monomer pre- 
fixed with poly-. For example, ethylene forms the simple polymer polyethylene, 
which is used for things like cleaners' bags and plastic piping. 


repeating monomeric units 


ONE ED 


—— M _—— 
O;. heat, pressure 


CH=CH, == НОНЕ НӨН —CHCH;—~— 
or catalyst 
ethylene polyethylene 
the monomer the polymer 


The equations for polymerization are conveniently represented in the follow- 
ing format, where x is used to mean “а large number." 


catalyst 


x CH,=CH, —— -€CH,CH; 


Frequently, the end groups of macromolecules are unknown—they may 
arise from impurities in the reaction mixture. In some cases, the end groups can 
be controlled. The properties of a polymer are governed almost entirely by the 
bulk of the polymer molecule rather than by the end groups. To emphasize the 
basic structure of the polymer, it is customary not to include the end groups in the 
formula unless they are specifically known. 


A.  Free-radical polymers 


A common mode of polymerization of alkenes is by a free-radical path. The 
polymerization is started by a catalyst or an initiator such as O; or a peroxide. The 
resulting polymer is formed by a chain-propagation process. Let us use the poly- 
merization of propylene as our example. 
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Qverall reaction 


CH. _ CH; 
| free-radical | 3 
ыы еы CH,CHJ. 
propylene polypropylene 
used for rugs and upholstery 
Initiation ROOR 2RO: 
Propagation 
RO- (©н;®сн RO—CH,CH 
СН, СН, 


ROCH.CH “CH=CH 


| 
CH, CH, CH, CH; 


por p cp etc. 


Theoretically, the chain growth could go on indefinitely, which of course 
does not happen. The termination steps for polymerization are typical free- 
radical termination steps. Two radicals may meet and join, or two radicals might 
undergo disproportionation. (The squiggles in the following formulas are used 
to indicate that a much larger molecule than shown is involved in the reaction.) 


Coupling: 
I-CH,CH + CHCH,- ——— и 
COH, ро. CH, Сн, 


terminated 
Disproportionation: 
I—CH,CH + CHCH,- — — F CH=CH + CH,CH,- 
fe di Lae 


terminated 


There are two ways in which propylene molecules could join together to form 
polypropylene: (1) head-to-tail, or (2) head-to-head and tail-to-tail. 


tail a 71 Аеаа 


CH,=CH 
єн, 
head-to-tail head-to-head tail-to-tail 
ORCH CH CH CHICH? I--CEDCHESOHOH; = CH GHA 
бм, er zT CH; m E 


Polypropylene is an example of a head-to-tail polymer. Let us discuss the 
reason for this orientation of the monomers. À more stable free-radical inter- 
mediate means a lower-energy transition state and a faster rate of reaction. Of the 
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two possible modes of free-radical attack, one leads to a less stable primary free 
radical, while the other leads to the more stable secondary free radical. The repeti- 
tive formation of secondary free radicals leads to a head-to-tail joining of propylene 
monomers. 


R-+CH,=CH —— ыры and not — RCH—CH, 
Сн, CH; CH, 


2°, more stable 1°, less stable 


CHS CHOH о 
СНЕ асы (Ж cd 


CH, GH, 


A large number of polymers may be synthesized from alkenes in analogous 
reactions to those of ethylene and propylene. 


Т a | 
atal " 
x CH,2CH S, CH;,—CHJ., 


vinyl chloride polyvinyl chloride (PVC) 


used for flooring, piping, siding, 
phonograph records, and garbage bags 


CH; CH; 
x ed Е ЖАЫ Г 

CO,CH; ШЕ A 
methyl methacrylate polymethyl methacrylate 


Plexiglas and Lucite 


catalyst 
-— 


x CH,—CH CH,—CH 


styrene polystyrene 


used in toothbrush handles and 
in the manufacture of styrofoam 


A chemist is not limited to using a single monomer in the production of a 
polymer. To achieve desired properties, he might use a mixture of two, three, or 
even more monomers. À mixture of two different monomers results in a copolymer, 
such as Saran (used in kitchen wrap). 


PIE 1 c 
x CH,=CHCI+ xCH,—CCl Æ, +cH,CcHCI—CH,CCl,* 
vinyl chloride 1,1-dichloroethene Saran 
(vinylidene chloride) a copolymer 
(not necessarily alternating) 
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STUDY PROBLEMS 
9.38. The monomer for Teflon is CF,=CF,. What is the structure of Teflon? 


CN 
и] 
9.39. Orlon has the formula | RA x- What is the structure of its monomer? 


Until 1955. most addition polymers were made by free-radical paths. In 
that vear, however, Karl Ziegler and Giulio Natta introduced a new technique 
for polymerization. These two chemists received the 1963 Nobel prize for their 
discovery, a type of catalyst that permits control of the stereochemistry of a poly- 
mer during its formation. (A commonly used Ziegler-Natta catalyst is 
(CH;CH;),AI complexed with TiCl,.) Ziegler-Natta catalysts function by under- 
going reaction with the monomeric alkene: then new monomers are inserted 
between the catalyst and the growing polymer. 


——= VOD E ——- єн анан @н cic. 


B. 1,4-Addition polymers 


Conjugated dienes can be polymerized by 1,4-addition. The product still contains 
unsaturation: therefore. the polymer could contain all cis-units, all trans-units, or 
a mixture of cis- and rrans-units. The following equation shows the free-radical, 
1,4-polymerization of isoprene. 


CH; CH, 


= 


| | ; 
RO: + CH,—C—CH-CH; ROCH,—C=CH—CH, еіс. ——— 


oe — 
1.3-addition 


initiator — 2-methyl-I.3-butadiene 


(tsoprene) 
/ CH, H C CH, CH, 
N / N 4 
C=C or CSE 
La B А N 
—CH, сн, CH, H 


all-cis-polyisoprene all-trans-polyisoprene 
(natural rubber) (gutta percha) 


Natural rubber is polyisoprene with cis double bonds. The trans-polymer, 
called gutta percha. is a hard polymer used as a golf-ball covering and in tem- 
porary dental fillings. The reason for the difference in properties of these two 
polymers will be discussed in Section 9.17D. Neither one of these polymers is 
synthesized in nature from isoprene itself, as was once believed. Instead, their 
precursor is mevalonic acid (Section 20.5). 


Шыу ———— 
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STUDY PROBLEM 


9.40. Neoprene, developed in 1932, was the first synthetic rubber. It is used in washers, 
tubing, and the like. Neoprene is the all-trans, head-to-tail polymer of | 
2-chloro-1,3-butadiene. What is the structure of this polymer? | 


C. Tonic addition polymers i 


Besides free-radical addition, polymers may be formed through cationic addition, i 
a reaction that proceeds through a carbocation intermediate. An acid such as | 
H5SO, ог AlCl, may Бе used to form the initial carbocation. (This procedure is 

not used for the synthesis of polyethylene because of the difficulty in forming a А 
primary carbocation.) 


P i 
H* И cu; S c—cu, ——À CH,—C—CH, 


methylpropene 
(isobutylene) 


р TE n us ra 3 
CH,C* f CHSC ——— Gare СНС: ess lcu. 
| | 
CH; CH, CH, CH, СН, /, 
first ипИ — second unit polyisobutylene 


SAMPLE PROBLEM 


Suggest a termination step in the carbocation polymerization of isobutylene. 


Solution: Tertiary carbocations often undergo elimination in the presence of 
H5SO, or other strong acid: 


a” 
RCH;C' —— RCH=G(CHy), 4 H* 


terminated 


| 
CH, 


D. Structure and stereochemistry of polymers 


Polymers, like any other organic compound, may have functional groups and 
chiral carbons. They can undergo hydrogen bonding and dipole-dipole inter- 
actions. The chemical composition of a polymer chain is referred to as its primary 
structure. How the chain is arranged in relation to itself and to other chains is 
called the secondary structure. This secondary structure may be as important to 
the properties of a polymer as its chemical composition. 

A polymer may be a tangled mass of continuous chains or branched chains. 
The result is a soft amorphous solid such as soft rubber. On the other hand, a 
polymer may be composed of continuous chains held together by hydrogen bonds 


жы Mo amo шл» тины su, 


Polymers Section 9.17. 433 


or by other dipole-dipole attractions. This type of polymer structure lends itself 
to fibers or hard, moldable plastics. A more-ordered polymer is said to have a higher 
degree of crystallinity than the amorphous, or noncrystalline, polymer. 


d 


a noncrystalline polymer a crystalline polymer 


The ditferences in properties between crystalline and noncrvstalline polymers 
are beautifully demonstrated by gutta percha and natural rubber. Gutta percha is 
a highly crystalline polymer, while natural rubber has a molecular shape that does 
not lend itself to an ordered. crystalline arrangement. 


CH, CH Н GH; CH, CH, 
- Ss NN d == 
gutta percha (all trans) CH, 


natural rubber (all cis) 


Let us reconsider the polymerization of propylene. There are three types of 
products that could result from the head-to-tail polymerization of propylene. 
(1) The methyl groups at the newly formed chiral carbons could be protruding from 
the chain in a random fashion; this is an atactic polymer (a soft, amorphous prod- 
uct). (2) The methyl groups could alternate from one side of the chain to the other; 
this is a syndiotactic polymer. (3) The methyl groups could all be on the same side; 
then the polymer is said to be isotactic (see Figure 9.16). Because of their orderly 
arrangements. the chains of the latter two polymers can lie closer together and the 
polymers are more crystalline. 


random 
RN. 
н CH,H CH,CH, 


и ан GH, н 


Atactic : e a > A 
atrernating Te 
М СВ. СР PR СИ ОН ar eer 
Syndiotactic: ры e o а * 
same [- 
E 
Isotactic : E En a CH; H, CH; H, CH; H, CH; 


FIGURE 9.16. The three types of polypropylene molecules. 
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SECTION 9.18. 


Use of Alkenes and Alkynes in Synthesis 


From Table 9.8, you can see that alkenes are valuable starting materials for 
synthesizing other organic compounds. Alkynes are not widely used in synthesis 
(nor are they as readily available). 

The addition reactions that use H * asa catalyst proceed through carbocat- 
ions and yield Markovnikov products (and possible rearrangement products). 
These reactions include those with HX and with Н,О (H *). 


Markovnikov products: 


CI 
Р ds "В.ССН.К 
еони RE emen =< = 
OH 
wo» „|! 
Lh R,CCH;R 


Alcohols (or ethers) can be prepared without rearrangement, in excellent 
yield, by oxymercuration-demercuration reactions, a sequence that also leads to 
Markovnikov products. 


Hg(O;CCH,); na rs 
H,O NaBH, 
R CCHR —— 5 вена ECR 
—CH,CO,H 
HgO,CCH, 


“ Anti-Markovnikov" products, with the functional group added to the less 
substituted carbon of the alkene, may be prepared by HBr (with O, or a peroxide 
catalyst) or by hydroboration. 


“anti-Markovnikov” products: 


OH 
R HO: ON. e 
BH 
звуС=@Н 5. (енен). Br 


а 5 | 
Вг. ОН 3R,CHCHR 
Difunctional compounds arise from the addition of X; (or X; + Н,О) to a 


double bond; by 1,2- or 1,4-addition to a diene; or by oxidation of an alkene to a 
1,2-diol. For example, 


* +, 
R,C=CHR —~— R,C—CHR 
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TABLE 9.8. Types of compounds that can be obtained from alkenes and dienes. 
Section 
Reaction Product reference 
Markovnikov addition: 
1 
R,C=CHR + HX —— R;CCH;R alkyl halide 9.7A-C 
ан 
H* 
OH 
(1) Hg(O,CCH;),, Н,О 
SEES ASS A PECAN 
Q) NaBH, R;CCH;R alcohol 9.9 
P 
(1) Hg(O;CCH,);, ВОН 
oe u A e E 
Q2) NaBH, R;CCH;R ether 9.9 
di 
== Учу о dihaloalkane 9.11A-C 
vas 
FE NS 252 1,2-halohydrin 9.110 
X 
* Anti-Markovnikov " addition: 
OH 
ay (1) BH; | 
R,C=CHR (2) H,0,, OH- R,CHCHR alcohol 9.10 
(1) BH; 
Q2) RCO,H R,CHCH,R alkane 9.10 
ie 
OM I УЫ „с alkyl bromide 9.10 
(2) Вг., OH 
Br 
+ HBr —2° , R,CHCHR alkyl bromide 9.70 
peroxide 
1,4-Addition :^ 
1 
R,C=CHCH=CR, + HX ———» R;CHCH-CHCR, allylic halide 9.15 
famae | 
R;C—CHCH-CR, X, ———5 R;CCH-CHCR,; dihaloalkene 9.15 


(continued) 
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TABLE 9.8. (continued) 
Reaction Product 


Addition leading to cyclic products: 


gn. 
R,C=CHR. + :CH, ——— R3c—GHR a cyclopropane 


2 Y Y 
С dr С EL СТ а cyclohexene 
Su. 

R R 


where Y is usually C=O or other unsaturated group 


Reduction: 
P 
R,C=CHR +H, — оно alkane 
Oxidation: 
1 
R,C=CHR + Мпо, —> R:CCHR 1,2-diol? 
OH 
O 
7 NS 
+ Cal. COH —== RC OCHR epoxide^ 
О 
heat || 
+ MnO, R,C-—O + HOCR ketone. 
carboxylic 
acid 
i 
ро 
к R,C—O + HCR ketone, 
(2) Zn. H^, H;O 
aldehyde‘ 


* ].2-Addition may also occur. 


РА cis-1,2-diol may be prepared from an alkene and cold MnO, : the rrans-1,2-diol 
may be prepared from hydrolysis of the epoxide. 
* Ozonolysis with an oxidative work-up yields ketones and carboxylic acids. 


Section 
reference 


ОШ 


9.16 


9.13 


9.14A 


9.14В 


9.14D 


9.14Е 


Oxidation of alkenes is а way to introduce other functionality, such as an 
epoxide ring. Vigorous oxidizing conditions result in cleavage of the double bond 


and yield carbonyl compounds, as shown in Table 9.8. 


A tremendous variety of cyclic compounds containing six-membered rings 
can be made by Diels-Alder reactions of conjugated dienes with dienophiles. 
Because many naturally occurring compounds, synthetic drugs, and so forth 
contain rings, the Diels-Alder reaction affords routes to some of these. Cyclo- 


propane rings can be made by the reactions of carbenes with alkenes. 
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SAMPLE PROBLEM 


Suggest à synthesis for 3-methyl-2-pentanone from 3-bromo-3-methylpentane 


Solution: 
lc Write the structures: 
Br О 
CH;CH,CCH;CH, ae cu: 
CH; СН, 
2. There 15 no one-step reaction from RX to a ketone. Therefore, working 


backwards, ask vourself what reactions lead to ketones (without cleavage 
of the carbon skeleton). Oxidation of a 2° alcohol is a standard reaction 
leading to a ketone. 


OH © 


| H:CrO, | 


GH, CH; 


3. The hydroxyl group in the alcohol 1s not in the same position as the Br in 
the starting material. Therefore. a simple substitution reaction 
(RX + OH ) would not be a route to the alcohol: however, an alcohol 
can be obtained from an alkene. 


o 


Cls Ciia i 


EG, 
CH, CH, 


Because the alcohol is the anti- Markornikor product, a reaction with 
H,O + Н” or oxymercuration-demercuration will not yield the proper 
alcohol. but hydroboration-oxidation will. The reagents for the above 
conversion are therefore (1) ВН, (ог. more correctly. В,Н,): 


(2) H;O;. OH 
4. Can the preceding alkene be prepared from the starting alkyl bromide? 
Yes. this is an elimination reaction that proceeds by an E? path. 
Br 
CH,CH,CCH,CH, = CH,CH=CCH;CH, 
CH, CH, 
RT Now, the entire sequence can be written. 
rg 
OCH, Я 
CH,CH,CCH.CH, 4 CHiyOHeSGOH.GH, MP 
| | (H:O, OH 
CH; CH; 
OH О 


| fiero, 
iru caedi —---4 soon pce 


CH, CH, 
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STUDY PROBLEM 


Suggest syntheses for the following compounds: 
СН, 


(а) (CH44,C—CCH;CH, from organic compounds containing four or fewer 
carbon atoms 


(b CH,CH,C=CH from ап alkene 


О 
Н.С . . . . 
(c) from organic compounds containing six or fewer 
carbon atoms 
Н.С 
Summary 


The reactivities of alkenes and alkynes arise from the weakness and exposure of the 
pi bond, as well as from the exposure of the trigonal or linear carbon. Unlike 
other hydrocarbons, an alkyne with a —С=ЕСН group is somewhat acidic. 
Alkenes are susceptible to electrophilic attack. If the alkene and reagent 
are unsymmetrical, reaction goes through the most stable carbocation. (Mar- 
kovnikov's rule: H * adds to the carbon that already has the most H's.) As reagents, 
hydrogen halides, H,SO,. HO + Н“, ог BH, may be used. Reactions with 
halogens, halogens plus water, and Hg(O;CCH,); proceed through bridged ions 
and thus are stereospecific. (These reactions are summarized in Table 9.8, page 435.) 


R,C—CHR 


o+ 
E E 
Nu 
anti-addition, 
stereospecific 


p | 
ВС ЕСНЕ R,C—CHR 


Nu 
Some addition reactions proceed by concerted, syn-additions instead of by 


way of carbocations or bridged ions. Hydrogenation, hydroboration, carbene- 
addition, and Diels-Alder reactions are in this category. Syn-additions are usually 
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stereospecific and often lead to cis products. (Note that hydroboration also leads 
to "anti-Markovnikov " products.) 


H--BH; H BH; 
SE. 2 - 


ze t | | 
La. CO — RQC-COHR 

Hydrogenation reactions may be used to determine relative stabilities of 
alkenes. The most highly substituted alkenes are the most stable. Acyclic trans- 
alkenes are usually more stable than cis-alkenes. Conjugated dienes are more 
stable than nonconjugated dienes. 

Oxidation of alkenes can lead to cis-1,2-diols, epoxides, ketones, aldehydes, 
or carboxylic acids. These reactions are summarized in Table 9.8. Conjugated 
dienes can undergo 1,2-addition or 1,4-addition, the latter by way of allylic carbo- 
cations. 


—=+ XCH,CHXCH—CH, 


aE: 


CH,=CHCH=CH, 
URS XCH,CH=CHCH,X 


Addition polymers are formed by free-radical or ionic addition reactions of 
alkenes ог by 1.4-addition of conjugated dienes. 


R R 
| T | 
x CH,=cCH —— Td 


| п 
x CH,=CCH=cH, CEP, TE 39) 


` /X 


— 
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STUDY PROBLEMS 


9.42. Write the IUPAC name for each of the following compounds: 


(а) BrCH,CH—CH, (b) (CH,),CHC=CH 
(c) CH,CHS-CHCHCH,OH (d) CH,=CHCH=CH, 
CH, 


Cl 
(e) CX (f) CH,—CHCO,H 
cl 


9.43. Give the structure for each of the following compounds: 
(a) 2-methyl-1-butene (b) 2-pentyne 
(c) 1,3-hexadiene (d) cis-2-hexene 
(e) trans-1,2-diphenylethene (f)  cis-1,2-dibromoethene 


(g) (2Z,4Z)-hexadiene (h) (£)-3-phenyl-2-butenoic acid 


9.44, Tell whether each of the following alkenes is (E), (Z), or neither: 


CICH,CH, CH, Hc CH, 
N д A Fi 
(a) T=} (b) T=? 
7 \ "d N 
H,C CH, H H 
CH; 
сво». ва 
ү 
©) (tw ВОС 
Н.С I 
CH; 


9.45. Tell which would be the reaction of choice to prepare 1-methyl-1-cyclohexene. (Each 
reaction is carried out in ethanol.) Explain your answer. 


Br 
Te: 

СН, ey 

CH 
CH „шщ? j 
ROT oro 
Br 
9.46. Starting with propyne, how would you prepare the following compounds? 
OH 


(a) 2-butyne (b) (с) TGEHSG—CD 
С==ССЄНЄ 


9.48. 


9.49, 
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What would be the product if 1-pentyne were treated with each of the following reagents? 
(Hint: Alkynes also follow Markovnikov's rule.) (a) 1 equivalent Cl;; (Б) 2 equivalents 
Cl.; (с) 2 equivalents HCl; (d) phenylmagnesium bromide; (e) МаМН, and 
iedomethane. 


One equivalent of НІ i5 added to each of the following alkenes. Give the structure of the 
likely products in each сазе. (a) l-pentene: (Б) 1.3-pentadiene; 
(c) 2-methyl-1.3-butadiene; (d) 2,2-dimethyl-3-heptene. 


Which one of each pair would be more reactive toward addition of HCI? 

(а) СІСН==СНСІ or СН,=СНСІ 

(D СН,СН.СН=СНСН, or CH,CH=C(CH;), 

(1) Arrange the following compounds in order of increasing reactivity toward H SO, (least 
reactive first). (2) Write formulas for the intermediate and the major product in each case. 


(a) propene (b) 2-methylpropene (c) 2-butene 


Predict the major organic products of the following reactions: 


(a) 3-methyl-2-pentene with aqueous H;SO, 

(b) 2-methylpropene with H,SO, in ethanol 

(c) 2.2-dimethyl-3-hexene with aqueous H,SO, 

(d) l-butene with 0.1M aqueous HI 

(e) methylenecvclohexane (page 378) with the strong acid trifluoroacetic acid (CF CO, H). 


Predict the major organic products: 


(1) He(O,CCH4),. H;O 
(1) HgtO;CCH3);. H;O, 


(а) (CHj,CCH—CHCH, кавн. 


(1) He(O:CCH ,);. СН.СН:ОН 
A. s(0:CCH3)2- CH3CH: 
(b (CH3),CHCH=CH, Бан, 


E (1) BH; 
(с) (CH;),CHCH=CH, н.о, он 


) (1) BH; 
— UAE GENS À 
TI be Pcr 
(e) | Э=снсн, + нв no peroxides, 


O O 


i 
(f) С Ленон, + iip" 9B POTE CUN 


Predict the likely organic products of the following reactions: (а) cis-2-pentene with Cl; ; 
(b) I-methyl-1-cyclohexene with Bra; (с) l-methyl-1-cyclohexene with aqueous Br;; 
(d) myrcene, which is found in oil of bayberry, with one equivalent of Cl,. 


myrcene 


з шз m AN 
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9.54. (a) What products would probably be observed when 1-butene is treated with bromine 
water that contains sodium chloride? 
(b) Write mechanisms that explain the formation of each product. 


9.55. Suggest reagents for the conversion of cyclopentene to (a) cyclopentane; 
(b) trans-2-bromo-1-cyclopentanol. 


9.56. When 2-methyl-1.3-butadiene is treated with one equivalent of Br;, four possible 
dibromoalkenes could result. However, only two dibromoalkenes are actually formed in 
this reaction. (a) Which two are formed? (b) Why are the other ones not formed? 


CSS. The following reaction proceeds by a carbene-type mechanism. What is the product? 


(бИ N— Gn + @ HE 


9.58. Write an equation or equations for the preparation of each of the following compounds 
from methylenecyclohexane (page 378): 


GH, 
(a) ‹ Хх (b) { )—снон (с) {_)—сносн, 
OH 


DE Show how you could synthesize the following compounds from propyne: 
| [ rwn 
(а) CH;CCH; (b) CH,;CCH,CH; (с) CH,CHC=CCH, 


9.60. Predict the principal products (including stereochemistry) of the hydroboration-oxidation 
of the following cycloalkenes: 


CHS 
» DOO 
GHS 
СН, 
A?-carene 


9.61. Predict the major organic products (showing stereochemistry): 


(a) sip 2 


(b) + excess H, The 


S 


9.62. 


9.63. 


9.64. 


9.65. 
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(с) («= З 


осо н, Sem 


Of each of the following pairs of compounds, tell which one would be the more stable. 


CH; 


(b) cis- or trans-CH,CH;CH—CHCH; 


|] ll 
(© (Е) or (Z)HFCH,COCH—CHCOCH, 


i i 
(d) CH,—CHCH,COCH, or CH,—CHCOCH,CH, 


Predict the products: 


CH; 
(a) 
F C;H4,CO,H === 
СН, 
(2) Ма,$О, 
СН, 
(с) or y + hot KMnO, solution —— 


Predict the ozonolysis products when each of the following alkenes is subjected to 
(1) reaction with O,, followed by (2) reaction with H,O, and H * : 


@ AZ © = o CS (d) АУ 


х-ріпепе 


found in turpentine 


Predict the organic product of the reaction of trans-2-butene with each of the following 
reagents. (Show the stereochemistry where appropriate.) (a) HI; (b) OsO,, followed by 
treatment with Na,SO,; - (c) C;SH,CO,H followed by H;O + HCl; (d) H,SO,; 

(e) singlet :CH; 
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9.66. Give the structure of the product when |-methyl-1-cyclopentene is treated with each of the 
following reagents: (а) H, (Pt catalyst); (b)Cl;in H;O; (с) Сі, inCCl,; (4) cold 
alkaline KMnO,; (е) hot KMnO, solution; (f) dilute solution of Br; in CH4OH; 

(в) BH, followed by H;O;-NaOH solution; (h) НСІ; (i) HBr with Н,О,; (j) mercuric 
acetate in water followed by МаВН. . 


9.67. Each of a series of unknown alkenes is treated with (1) O}, and (2) Zn, H*, H,O. The 
following products are obtained. Give the structure (or structures, if there is more than one 
possibility) of each unknown alkene. 


| | il i 


i i 
(c) CH,CH only (d HCH + { о 


її j м! 
| | || || 
(e) CH,C—CH -2CH,CCH, (f) CH,CH + HCH + HCCH,CH 


9.68. А chemist has obtained the following information about an alkene of unknown structure. 
What is the structure of the alkene? 


cyclohexanecarboxylic acid (C,H, ;CO,H) 
hot KMnO, 


unknown 
ethylcyclohexane 


9.69. When subjected to catalytic hydrogenation, a hydrocarbon takes up 1.0 equivalent of H;. 
When oxidized with a hot solution of KMnO,, only one compound is obtained, 
мыо What is the structure of the hydrocarbon? 


CH, CH, 


9.70. Each of the following dienes is shown in the s-trans form. Which of these compounds are 
interconvertible with their s-cis forms? Show the s-cis conformations in these cases. 


(a) (b) (c) 


9.71. Predict the products of the following Diels-Alder reactions, showing stereochemistry where 
appropriate: 


La 
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о 
Z 
(a) C + | Oo heat 
Su 
O 
NC CN 
(b) O + X hen, 
NC CN 
О 
= heat 
(c) + í ) — 
E 
O 


heat 


LE 
(e) oe + CH;CH;O;6C—CCO;CIbGCH,; Е 
SS 


Suggest a Diels-Alder reaction that would lead to each of the following compounds. Show 
the stereochemistry of the product where applicable. 


О 
СМ 
ө Д ө CX J 
CO;CH;CH; 
Styrene (page 430) may be copolymerized with maleic anhydride. Give an equation for this 
reaction. 
oim 


maleic anhydride 


Dimers, as well as polymers, may be made by a cationic route. Give the mechanisms for the 
acid-catalyzed dimerizations of (а) ргорепе; (b) 2-methyl-1-butene. 


Suggest synthetic paths for the following conversions: 


(a) 1,2-dibromopropane from 2-bromopropane 
(b) 2-bromopropane from 1-propanol 


446 


9.76. 


9.71: 


9.78. 


9797 


9.80. 


Chapter 9 Alkenes and Alkynes 


(c) from CX 


O 


(d) Аа. enm from cyclopentene 

(e) 1.2-dideuteriopropane from propane 

(f) acetic acid from 1-bromopropane 

(g) trans-1,2-cyclohexanediol from cyclohexane 

(h) trans-2-chloro-1-cyclopentanol from chlorocyclopentane 


Because of its geometry, trans-cyclooctene exists as a pair of enantiomers. 


(a) Give the structure of the enantiomer of the structure shown. 
(b) Would cis-cyclooctene also exist as a pair of enantiomers? Explain. 


T d ey 
trans-cyclooctene 


one enantiomer 


Reaction of 3-hexene with Cl, + H,O yields 3,4-dichlorohexane and the 3,4-chlorohydrin. 
However, the chlorohydrin obtained from cis-3-hexene is different from the chlorohydrin 
obtained from trars-3-hexene. Explain. 


The toxic components of poison ivy and poison oak are a group of 1,2-hydroquinones 
(dihydroxybenzenes) called urushiols. One of these urushiols (A), C,H 340;, is treated with 
dilute NaOH, followed by iodomethane, and yields a dimethylated compound (В), 
C,,H,,0,. When B is treated with ozone, followed by treatment with Zn dust and water, 
the products are: 


ОСН, 


ОСН, | 
О апа HC(CH,),CH, 


| 

(CH-)-CH 
What are the structures of A and B? 
Starting with only acetylene, ethylene, iodomethane, and any appropriate inorganic 
reagents, show how you would prepare the following compounds: (а) cis-4-octene; 
(b)acetone; (c)l-butene; (d)l-chloro-2-butanol; (е) 2-methyl-2-butanol; 
(f) meso-2,3-butanediol; (g)racemic 2,3-butanediol. 
Suggest a mechanism for each of the following reactions: 


CH; 


(а) (СН,),С=СН(СН„),СН=С(СН ), AW. CH, 
C(CH,), 


9.81. 


9.83. 


9.84. 


9.85. 
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СНЕ CH; GPS 
| H FS 
(D (CH,,C—CH(CH;,C—CHCH, ——» 


Н.С 


А chemist treated ( R)-3-butene-1.2-diol with OsO,. obtaining two tetraols. What were they? 
(Specify the stereochemistry.) 


How would you prepare the following compounds from nondeuteriated hydrocarbons? 
Show the stereochemistry of the products where applicable. 


D OD D 

(a) Cy (b) Cy (c) CV 
OD D D 
D Br 

(9) Cien (e) . (f) ры 
Вг D 


D 


The sex attractant of the housefly is a hydrocarbon with the formula C;,H,4. Catalytic 
hydrogenation of this compound yields C,,H43. while oxidation with a hot solution of 
KMnO, vields CH;(CH;), COH and CH;(CH;)-CO.H. Addition of bromine to the 
hydrocarbon yields one pair of enantiomeric dibromides (C; ;H,, Br;). What is the structure 
of the housefly sex attractant? 


A chemist wants to devise a catalytic hydrogenation experiment that will determine if 
endocyclic double bonds are more or less stable than exocyclic double bonds. (An endocyclic 
double bond is one that joins two ring carbons, while an exocyclic double bond is one that 
goes from a ring carbon to a nonring carbon.) Of the following pairs of compounds, which 
pair would give the best hydrogenation data for comparison purposes? Why? 


(a) (сн, апа 


exocyclic endocyclic 


UP м. 


Suggest syntheses for the following compounds from alkenes or dienes containing six or 
fewer carbons and other appropriate reagents: 


е 


CH, 


(a) 1-сусІоһеху1-1-ргорапопе (b) cyclohexylmethanol 
(c) rrans-2-methyl-1-cyclohexanol (d) cis-1,2-dibromocyclohexane 
О 
| 
uch 


(e) racemic HO.C «l солн 
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9.86. The two nmr spectra in Figure 9.17 were obtained from samples of two hydrocarbons, each 
with the formula C,,H,,. Both samples yielded only benzoic acid upon treatment with hot 
KMnO, solution. What are the structures of these two hydrocarbons? 


9.87. А six-carbon compound, A, can be converted to В by hydrogenation. The nmr spectrum of 
A and the infrared spectrum of B are shown in Figure 9.18. What are the structures of A and B? 


500 400 300 200 100 0 Hz 


8.0 7.0 go у чо 3.0 2.0 1.0 Оррт 


500 400 300 200 100 0 Hz 


8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 ppm 


FIGURE 9.17. Nmr spectra for unknown hydrocarbons (C,,H,.) in Problem 9.86. 
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= c a 


Percent transmittance 


A 3500 3000 2500 2000 1800 1600 1400 1200 1000 зоо 
Wavenumber (ст! ) 


FIGURE 9.18. Spectra for unknown compounds in Problem 9.87. 


СНАРТЕК 10 


Aromaticity, Benzene, and 
Substituted Benzenes 


Bou is the simplest of the aromatic compounds and one that we have 
already encountered many times. In this chapter, we will formalize the defi- 
nition of aromaticity, and we will discuss the properties and reactions of benzene 
and substituted benzenes. In Chapter 16, we will discuss the chemistry of polycyclic 
and heterocyclic aromatic compounds. (Heterocyclic aromatic compounds have 
at least one ring atom different from carbon.) 

Benzene was first isolated in 1825 by Michael Faraday from oily residues 
that had accumulated in London gas mains. Today the main source of benzene, 
substituted benzenes, and other aromatic compounds is petroleum. Until the 
1940's, coal tar was the principal source. The types of aromatic compounds 
obtained from these sources are hydrocarbons, phenols, and aromatic heterocycles. 


Ki. nex ae 


toluene p-xylene naphthalene phenanthrene 


Aromatic hydrocarbons: 


——— mama 


substituted benzenes polycyclic compounds 


Aromatic nitrogen heterocycles: 


Q OQ 


pyridine quinoline 


E Ља 
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Compounds containing benzene rings and aromatic heterocyclic rings are 
also exceedingly common in biological systems. 


unc acid 


associated with gout 


SECTION 10.1. 
Nomenclature of Substituted Benzenes 


The naming of monosubstituted benzenes was mentioned in Section 3.3M. 
Many commen benzene compounds have their own names, names that are not 
necessarily systematic. Some of these more-commonly used names are listed in 
Table 10.1. 

Disubstituted benzenes are named with the prefixes ortho, meta, and para 
rather than with position numbers. The prefix ortho signifies that two substituents 
are 1,2 to each other on a benzene ring: meta signifies а 1,3-relationship; and 


TABLE 10.1. Structures and names of some common benzene compounds 


eu 3 toluene (Он phenol 
сн. (С)-ен, p-xylene ORA benzoic acid 


il li 
NHCCH, acetanilide (С) acetophenone 
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para means a 1,4-relationship. The use of ortho, meta, and para in lieu of position 
numbers is reserved exclusively for disubstituted benzenes—the system is never 
used with cyclohexanes or other ring systems. 


* x 
©) ©) | ©) 
ortho-, or o- тега-. or m- рага. or p- 


The use of these prefixes in the naming of some disubstituted benzenes 


follows: 
Cl 
Br 
© © 
Вг 
NH 


3 


o-dibromobenzene m-chloroaniline p-chlorophenol 


In reactions of benzene compounds, we will speak of ort/io-substitution (or 
теа- or para-substitution). Note that а monosubstituted benzene has two 
ortho and two meta positions, but only one para position. 


\ 
4 \ 
О Ow О 


ortho meta para 


If there are three or more substituents on a benzene ring, the o-, m-, p-system 
is no longer applicable. In this case, numbers must be used. As in numbering 
any compound, we number the benzene ring in such a way as to keep the prefix 
numbers as low as possible and give preference to the group of highest nomen- 
clature priority. If a substituted benzene, such as aniline or toluene, is used as the 
parent, that substituent is understood to be at position 1 on the ring. 


L 
Вг (n ct (n в” 
i P ON Ум, 
Br Br O;N NH; 
NO, 
].2.4-tribromobenzene 2-chloro-4-nitroaniline 2.4,6-trinitrotoluene 
(TNT) 


Benzene as a substituent is called a phenyl group. How a toluene substituent 
is named depends on the point of attachment. 


O- Q-- «© O- 


phenyl benzyl p-tolyl o-tolyl 
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SAMPLE PROBLEM 


Name the following substituted benzenes 


CH, Gre 
(a) Г. мн. (b) Br Ge CH,Cl (c) 
CH, 


Solution: (a) 2.6-dimethylaniline: (b) p-bromobenzyl chloride. 
(с) m-tolylevclohexane (or m-cvelohexyltoluene). 


STUDY PROBLEM 


10.1. Write structures for: (а) ethylbenzene: (b) 2.4.6-tribromoaniline; 
(c) p-ethylphenol: (d)2-phenyl-l-ethanol; (e) benzyl bromide. 


SECTION 10.2. 


Physical Properties of Aromatic Hydrocarbons 


Like aliphatic and alicyclic hydrocarbons, benzene and other aromatic hydro- 
carbons are nonpolar. They are insoluble in water, but are soluble in organic 
solvents such as diethyl ether, carbon tetrachloride, or hexane. Benzene itself has 
been widely used as a solvent. It has the useful property of forming an azeotrope 
with water. (The azeotrope. a mixture that distills with a constant composition, 
consists of 91 ^; benzene-9 ^; H,O and boils at 69.4°C.) Compounds dissolved in 
benzene are easily dried by distillation of the azeotrope. 

Although the boiling points and melting points of aromatic hydrocarbons 
(listed in Table 10.2) are typical of those of nonpolar organic compounds, note 
that p-xylene has a higher melting point than o- or m-xylene. A higher melting point 
is typical of p-substituted benzenes; a p-isomer is more symmetrical and can form 
a more orderly and stronger crystal lattice in the solid state than the less symmetrical 
0- Or m-isomers. 

It is interesting to note that many of the compounds found in coal tar (and 
cigarette tar) that contain four or more fused benzene rings are carcinogenic 
(cancer-causing). Benzene itself is toxic and somewhat carcinogenic; therefore, it 
should be used in the laboratory only when necessary. (In many cases, toluene 
may be used as a substitute.) 


Two highly carcinogenic hydrocarbons: 


ok? ооб 


benzo[a]pyrene benzanthracene 
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TABLE 10.2. Melting points and boiling points of some aromatic hydrocarbons 


Name Structure Mp, C Вр. C 
benzene (Q SIS 80 
toluene (Ось, =95 111 
CH, 
o-xylene С Н, —25 144 
СН, 
m-xylene ox — 48 139 
Е сн,—(О)си, 13 138 


SECTION 10.3. 


Spectra of Substituted Benzenes 


Both infrared and nmr spectra provide data that are useful in the structure deter- 
mination of substituted benzenes. The nmr spectrum provides the most clear-cut 
answer to absence or presence of aromatic protons (and thus an aromatic ring). 


А. Infrared spectra 


The infrared absorption bands of substituted benzenes are summarized in Table 
10.3. The presence of a benzene ring in a compound of unknown structure can 
often be determined by inspection of two regions of the infrared spectrum. The 
absorption for aryl CH stretching, which is generally weak, falls near 3030 cm ^! 
(3.3 um), just to the left of aliphatic CH absorption. Absorption for aryl C—C 
vibrations gives a series of four peaks, generally between 1450 and 1600 cm ^! 
(about 6-7 um); however, all four peaks are not always apparent. In the spectrum of 
chlorobenzene (Figure 10.1), the first peak is visible, but the second peak is a barely 


TABLE 10.3. Infrared absorption characteristics of benzene compounds 


Position of absorption 


Type of vibration em! um 
j L 


aryl C—H 3000-3300 3.0-3.3 
aryl C—C (four peaks) 1450-1600 6.25-6.9 


Ф, 


& 


Percent transmittance 


ta 
eo 


o 
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Wavelength (um! 


3 4 3 © 1 5 9 10 12 15 


shoulder 


aryl CH 


Q- 
агу С-С 


3500 3000 2500 2000 1800 1600 1400 1200 1000 500 


Wavenumber (em ^ à 


FIGURE 10.1. Intrared spectrum of chlorobenzene. 


visible shoulder. In this spectrum. the third and fourth peaks are quite evident; 
however, in some spectra, the fourth peak at 1350 cm ' (6.90 ит) is obscured by 
aliphatic CH, bending absorption. 

The positions of substitution on a benzene ring may sometimes be determined 
by examination of the infrared spectrum. Differently substituted benzene rings 
often give characteristic absorption at about 680-900 cm ^! (11-15 um). The 
patterns observed are summarized in Table 10.4. Figure 10.2 (page 456) shows 
infrared spectra of the three isomeric chlorotoluenes. By comparison of these 
spectra with Table 10.4, you can see how the absorption in the fingerprint region 
may be used. Also compare these spectra with that of chlorobenzene in Figure 
10.1. Unfortunately, the absorption in this region is not alwavs so clear-cut. 


TABLE 10.4. The C—H bending absorption of substituted benzenes 
Position of absorption 


Substitution Appearance ст 


monosubstituted, C)- two peaks 730-770 12.9-13.7 
690—710 14.0-14.5 


ит 


o-disubstituted. one реак“ 735-770 12.9-13.6 
\ 

m-disubstituted, O- three peaks 860-900 11.1-11.6 

750—810 12.3-13.3 


680—725 13.7-13.7 


p-disubstituted, LO- one peak 800-860 116-123 


* An additional band is often observed at about 680 cm" ! (14.7 um). 
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100 ^? 


Percent transmittance Percent transmittance 


Percent transmittance 


oc 
© 


с 
© 


A 
© 
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с 
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A 
© 


е 
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A 
© 


to 
e 
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Wavelength (um) 
3 4 3 6 


CH; 


3500 3000 2500 2000 1800 1600 
Wavenumber (сп!) 


Wavelength tum) 


5) 4 5 6 
Cl 
CH; 
3500 3000 2500 2000 1800 1600 


Wavenumber (стт! ) 


Wavelength (um) 
3 4 5 6 


3500 3000 2500 2000 1800 1600 
Wavenumber (стт! ) 


FIGURE 10.2. Infrared spectra for o-, m-, and p-chlorotoluene. 
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1200 
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1000 


1000 


1000 


800 
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B. Nmr spectra 


The nmr spectra of aromatic compounds are distinctive. Protons on an aromatic 
ring absorb downfield, with д values between 6.5 ppm and 8 ppm. This downfield 
absorption is due to the ring current, which gives rise to a molecular magnetic 
field that deshields protons attached to the ring. The chemical shift for the protons 
on benzene itself is ато = 7.27 ppm. Electronegative substituents on the ring shift 
the absorption of adjacent protons farther downfield, while electron-releasing 
groups shift absorption upfield from that of unsubstituted benzene. Simple splitting 
patterns of агу! protons are sometimes observed (Figure 10.3); in many cases, 
however, the splitting patterns are very complex. 

Benzylic protons are not as affected by the aromatic ring current as are ring 
protons; their absorption is observed farther upfield, in the region of 2.3 ppm. 
(See the nmr spectrum of toluene in Figure 10.3.) 


H H 
o = 7.27 ppm 
= Я * И Е benzylic protons: à = 2.3 ppm 


STUDY PROBLEM 


10.2. Figure 10.4 shows two nmr spectra (without the relative areas under the peaks). 
One spectrum is that of p-chloroaniline. while the other is that of p-iodoanisole 
(p-IC,H.OCH;). On the basis of the chemical shifts (compared to the chemical 
shift of benzene protons). assign structures to the two spectra. 


g 
8 
S 
S 


100 0 Hz 


8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 Оррт 


FIGURE 10.3. Nmr spectrum of toluene, showing aryl and benzylic CH absorption. 
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500 400 300 200 100 0 H^ 


8.0 7.0 6.0 5.0 4.0 3.0 210 1.0 О ppm 


500 400 300 200 100 0 Hz 


8.0 7.0 6.0 5.0 d О 20 10 Оррт 


FIGURE 10.4. Nmr spectra of p-chloroaniline and p-iodoanisole for Problem 10.2. 


SECTION 10.4. 


Stability of the Benzene Ring 


The heat of hydrogenation of cyclohexene is 28.6 kcal/mole. If benzene con- 
tained three alternate single and double bonds without any pi-electron delocaliza- 
tion, we would expect its heat of hydrogenation to be 3 х 28.6, or 85.8, kcal/mole. 
However, benzene liberates only 49.8 kcal/mole of energy when it is hydrogenated. 
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( > + Н, zin CY + 28.6 keal mole 


cyclohexene cyclohexane 
a Е Pt 
ae oet: B Н, е Т: + 49.8 kcal/mole 
í 35 айп 
benzene cyclohexane 


The hydrogenation of benzene liberates 36 kcal/mole less energy than would 
be liberated by the hydrogenation of the hypothetical cyclohexatriene. Therefore, 
benzene. with delocalized pi electrons, contains 36 kcal/mole less energy than it 
would contain if the pi electrons were localized in three isolated double bonds. 
This difference in energy between benzene and the imaginary cyclohexatriene is 
called the resonance energy of benzene. The resonance energy is the energy lost 
(stability gained) by the complete delocalization of electrons in the pi system. It is 
a measure of the added stability of the aromatic system compared to that of the 
localized system. Figure 10.5 shows the energy diagrams for these hydrogenations. 

What does the resonance energy of benzene mean in terms of chemical 
reactivity? It means that more energy is required for a reaction in which the aro- 
matic character of the ring is lost. Hydrogenation is one example of sucha reaction. 
Whereas an alkene can be hydrogenated at room temperature under atmospheric 
pressure, benzene requires high temperature and high pressure. Also, benzene does 
not undergo most reactions that are typical of alkenes. For example, benzene does 
not undergo addition of HX or X;, nor does it undergo oxidation with KMnO, 
solution. 

HX no addition reaction 


ee 


So no reaction 


Qn 


hypothetical 


Progress of reaction ——> 


Progress of reaction ——» 


FIGURE 10.5. Energy diagrams for the hydrogenation of cyclohexatriene (hypothetical) 
and benzene. 
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SECTION 10.5. 


The Bonding in Benzene 


Although the molecular formula of benzene (C,H,) was determined shortly after 
its discovery in 1825, 40 years elapsed before Kekulé proposed a hexagonal 
structure for benzene. This first proposed structure contained no double bonds 
(because benzene does not undergo reactions characteristic of alkenes). To be 
consistent with the tetravalence of carbon, Kekulé proposed in 1872 that benzene 
contains three alternate single and double bonds. To explain the existence of 
only three (not five) isomeric disubstituted benzenes, Kekulé suggested that the 
benzene ring is in rapid equilibrium with the structure in which the double bonds 
are in the alternative positions. This idea survived for almost 50 years before it was 
replaced by the theories of resonance and molecular orbitals. 


H H 
N / 
C—C 
d N 
HSG (Cpl Fun -———À 
ES 2 
C=C 
7 iN 
H H 
benzene in 1865 benzene in 1872 benzene in 1940 


The Kekulé formulas for benzene, showing three double bonds instead of a 
circle in the ring, do not explain the unique stability of the benzene ring. However, 
these formulas have one advantage—they allow us to count the number of pi 
electrons at a glance. In conjunction with resonance theory, these formulas are 
quite useful; therefore, we will use Kekulé formulas when we discuss the reactions 
of benzene. 

Let us now consider the z molecular orbitals of benzene. Benzene has six 
sp? carbons in a ring. The ring is planar, and each carbon atom has a p orbital 
perpendicular to this plane. Figure 2.23 (page 67) shows a representation of the 
p orbitals of benzene and how they overlap in the lowest-energy bonding molecular 
orbital. 

Overlap of six atomic p orbitals leads to the formation of six л molecular 
orbitals. When we look at all six possible л molecular orbitals of benzene (Figure 
10.6), we see that our representation of the aromatic pi cloud as a “ double donut” 
represents only one, z,, of the six molecular orbitals. In the л; orbital, all six p 
orbitals of benzene are in phase and overlap equally; this orbital 1s of lowest 
energy because it has no nodes between carbon nuclei. 

The л; orbital and the л; orbital each has опе node between the carbon 
nuclei. These two bonding orbitals are degenerate (equal in energy) and of higher 
energy than the л, molecular orbital. Benzene, with six p electrons, has the 2, , 7, 
and лз orbitals each filled with a pair of electrons. These are the bonding orbitals 


of benzene. 

Rer 

antibonding orbitals 
n,* d 
E 

bonding orbitals 

220 | 

1 
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(3 nodes; all six p 
orbitals out of phase) 


(2 nodes) и; = — (2 nodes) 


qe | D 


(1 node) T3- 


7 
S — (1 node) 
7 
i 


0 v 
V А Ө V (no rus МИ 
А 9 9 А p orbitals in phase 


ai" 


FIGURE 10.6. The л orbitals in benzene. Nodes are represented by dashed lines; the 
“missing p orbitals” in л. and ль” are a result of nodes at these positions. (The + 
and — signs are mathematical signs of phase, not electrical charges.) 


Ty 


Along with the three bonding orbitals in benzene, there are three antibonding 
orbitals. Two of these antibonding orbitals (л„* and л„*) have two nodes each, and 
the highest-energy orbital (л„*) has three nodes. Recall that a node is a region of 
very low electron density. A molecular orbital with a node between nuclei is of 
higher energy than a molecular orbital without a node between nuclei. Note that 
as we progress from л; to zg*, the number of nodes increases; this is the reason 
that the energy associated with these orbitals increases. 
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SECTION 10.6. 


What Is an Aromatic Compound? 


Benzene is one member of the large class of aromatic compounds, compounds 
that are substantially stabilized bv pi-electron delocalization. The resonance energy 
of an aromatic compound is a measure of its gain in stability. (The structural 
features that give rise to aromaticity will be discussed shortly.) 


is 36 kcal/mole more stable than the imaginary 


is 61 kcal, mole more stable than the imaginary 


SS 
is 22 kcal/mole more stable than the imaginary | 


T 
N 


обо 


The most convenient way to determine if a compound is aromatic is by the 
position of absorption in the nmr spectrum by protons attached to ring atoms. 
Protons attached to the outside of an aromatic ring are highly deshielded and 
absorb far downfield from most other protons, usually beyond 7 ppm. 


O O OO 


benzene pyridine naphthalene 
ó of aromatic CH. ppm: 75) 7.1—8.5 ТТЕ 


CH,CH=CHCH, 


$ of nonaromatic sp? CH, ppm: 5.3 


STUDY PROBLEM 


10.3. The nmr spectrum of cyclooctatetraene shows only a singlet at д = 5.7 ppm. 
On the basis of this chemical shift, would you say that cyclooctatetraene is 
aromatic or not? 


cyclooctatetraene 


SECTION 10.7. 


Requirements for Aromaticity 


What structural features are necessary for a molecule to be aromatic? The first 
two criteria are that the molecule must be cyclic and planar. Third, each atom 
of the ring or rings must have a p orbital perpendicular to the plane of the ring. 
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Га system does not fit these criteria, there cannot be complete delocalization of the 
pi electrons, Whether or not these three criteria are met may often be deduced from 
inspection of the formula of an organic compound. The valenec-bond formula 
of an aromatic compound usually shows a ring with alternate single and double 
bonds. There are cases, however, of cyclic organic compounds with alternate 
single and double bonds that are лог aromatic. Cyclooctatetraene 1$ such а com- 
pound. Cvclooctatetraene undergoes addition reactions with the hydrogen halides 
and with the halogens. These reactions are typical of alkenes, but are not typical 
of benzene and other aromatic compounds. Cyclooctatetraene is not planar, but 
has been shown to be shaped like a tub. 


H H 


4 
| 
| 


n^ H 


H H 
cyclooctaletraene 


a cyclic tetraene: not aromatic 


Why is cyclooctatetraene not aromatic? To answer this question, we must 
proceed to a fourth criterion for aromaticity, a criterion usually called the Hiickel 
rule. 


A. The Hiickel rule 


In 1931, the German chemist Erich Hiickel proposed that, to be aromatic, a 
monocyclic (one ring), planar compound must have (4и + 2) pi electrons, where n 
is an integer. According to the Hückel rule, a ring with 2, 6, 10, or 14 pi electrons 
may be aromatic, but a ring with 8 or 12 pi electrons may not. Cyclooctatetraene 
(with 8 pi electrons) does not fit the Hückel rule for aromaticity. 


six пе ten пе eight по 


\ 
iN 
/ / \ Be | 


NY, VN 
(4n + 2) (4n + 2) 4n 

= | ge 2 pe 
aromatic aromatic not aromatic 


Why can a monocyclic compound with six or ten pi electrons be aromatic, 
but not a compound with eight pi electrons? The answer is found in the number of 
pi electrons versus the number of pi orbitals available. To be aromatic, a molecule 
must have all pi electrons paired. This system provides the maximum and complete 
overlap required for aromatic stabilization. If some pi orbitals are но! filled (that is, 
there are unpaired pi electrons), overlap is not maximized, and the compound is 
not aromatic. Benzene has six pi electrons and three bonding pi orbitals. The three 
bonding pi orbitals are filled to capacity, all pi electrons are paired, and benzene is 
aromatic. 
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Let us look at the л molecular orbitals for cyclooctatetraene. This com- 
pound has eight p orbitals on the ring. Overlap of eight p orbitals would result in 
eight л molecular orbitals. 


Ts 
antibonding 
Tee nj 
t 
E Ta 1 л; X nonbonding (по! filled) 
л, In ПЗ 
-bonding 
л; N | 


If cyclooctatetraene were planar and had a pi system similar to that in 
benzene, the 7,, 75, and л; orbitals would be filled with six of the pi electrons. 
The remaining two electrons would be found, one each, in the degenerate л, and 
л; orbitals. The pi electrons of cyclooctatetraene would not all be paired, and 
overlap would not be maximal. Thus, cyclooctatetraene cannot be aromatic. 


B. The ions of cyclopentadiene 


Cyclopentadiene is a conjugated diene and is not aromatic. The principal reason 
that cyclopentadiene is not aromatic is that one of the carbon atoms is sp?, not sp?. 
This sp? carbon has no p orbital available for bonding; however, removal of a 
hydrogen ion from cyclopentadiene changes the hybridization of that carbon so 
that it is sp? and has a p orbital containing a pair of electrons. 


3 


sp 


\ 
— = alle 
Wi ow / 
LH 
H H BÜ o. 
H H 
cyclopentadiene cyclopentadienyl 
anion 


The cyclopentadiene cation also has all its carbon atoms in the sp? state. (The 
orbital pictures for the ions of cyclopentadiene are shown in Figure 10.7.) 


H H 
QM pes 
——— 
H H 
H 


cyclopentadienyl 
cation 


Would either or both of these ions be aromatic? Either ion would have five 
x molecular orbitals (from five p orbitals, one per carbon). The cyclopentadienyl 
anion, with six pi electrons (4n + 2), has three pi orbitals filled and all pi electrons 
paired. The anion is aromatic. The cation, however, would have only four p 
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twoe noe 
\ 


the anion the cation 


FIGURE 10.7. Orbital pictures of the anion and the cation of cyclopentadiene. (Each 
carbon is sp7-hybridized and is also attached to one Н.) 


electrons (47) in the three orbitals. The pi electrons would пог all be paired, and 
there would лог be maximum overlap. The cation is not aromatic. 


is aromatic (S 1$ not aromatic 


пз — noli filled 


u | filled tu 


Cyclopentadiene is a weak acid because its anion is aromatic and thus is 
resonance-stabilized. Although cyclopentadiene is not nearly as strong an acid as 
a carboxvlic acid, it is a proton donor in the presence of a strong base. (The pK, 
of cyclopentadiene is 16, similar to that of an alcohol. By contrast, the pK, of cyclo- 
pentane is about 50.) 


ен idic 


H 
СХ оно Он + CH,OH 


Н 


resonance- 
Stabilized 


STUDY PROBLEM 


10.4. Which of the following compounds or ions could be aromatic? 


SECTION 10.8. 
Electrophilic Aromatic Substitution 


The aromaticity of benzene confers a unique stability to the pi system, and benzene 
does not undergo most of the reactions typical of alkenes. However, benzene is far 
from inert. Under the proper conditions, benzene readily undergoes electrophilic 
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aromatic substitution reactions: reactions in which an electrophile is substituted 
for one of the hydrogen atoms on the aromatic ring. Two examples of this type 
of substitution reaction follow. Note that the aromaticity of the ring is retained in 
each product. 


Halogenation. 


H 
a H lost бе И H Pan gained 
H Ве suu CI+ HCI 
H 
chlorobenzene 
90% 


Nitration: 


НОТ 
©) + HNO, a (Око, о 


nitrobenzene 
о 
8507 


The preceding examples show monosubstitution of the benzene ring. Further 
substitution is possible: 


NO, 
HNO, 
“е: Cl + ON СІ 


chlorobenzene o-chloronitrobenzene p-chloronitrobenzene 
Br 
Br; 
Ма = der МН, 
aniline Br 


2,4,6-tribromoaniline 


We will first consider the mechanism of monosubstitution (that is, the first 
substitution), and then the mechanism of further substitution leading to disubsti- 
tuted benzenes. 


SECTION 10.9. 
The First Substitution 


In each of the two monosubstitution reactions shown, a Lewis acid is used as a 
catalyst. The Lewis acid undergoes reaction with the reagent (such as X; or 
HNO,) to generate ап electrophile, which is the actual agent of substitution. For 
example, H,SO, (a very strong acid) can remove a hydroxyl group from nitric 
acid to yield the nitronium ion, *МО.. 
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НО NO. + H,SO, 


н.0:+  ^NO, 


an electrophile 


An electrophile can attack the pi electrons of a benzene ring to yield a type 
of resonance-stabilized carbocation called a benzenonium ion. Like other car- 
bocations, а benzenonium ion reacts further. In this case. a hvdrogen ion is 
removed from the intermediate (by HSO, . for example) to yield the substitution 
product. In showing these structures, we use Kekulé formulas, which allow us to 
Keep track of the number of pi electrons. In the following equation, we also show 
the hydrogen atoms attached to the ring so you can see how Шеу are affected (or 
not) in the reaction. 


H H H H H H 
TN = ЗЕ = 
H~ Y-W = E am s MOL! $, -- НЗ — E 
<= — H === 
H H H H H H 
benzene intermediate product 


bPenzéneéntum ion 


As we discuss the various types of electrophilic aromatic substitution reactions, 
you will see that the mechanisms are all simply variations of this general one. 


А. M Halogenation 


Aromatic halogenation 15 typified by the bromination of benzene. The catalyst in 
aromatic bromination is ЕеВг, (often generated in situ from Fe and Вг,). The 
function of the catalyst is to generate the electrophile Br^. This may occur by 
direct reaction and fission of the Br— Br bond. More likely, Br; is not completely 
cleaved upon reaction with the FeBr; catalyst, but is polarized. For the sake of 
simplicity. we will show Br ^ as the electrophile. 


electrophiit _ 
:Br—Br: + FeBr,; => :Br—Br:— — —FeBr; => :Вг” + FeBr, 
polarized cleared 


When an electrophile such as Br ^ collides with the electrons of the aromatic 


pi cloud, a pair of the pi electrons forms a sigma bond with the electrophile. This 
step is the slow step, and therefore the rate-determining step, in the reaction. 


Step ШЕ а 


H Н "Br ——— |н 
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The benzenonium ion loses a proton to a base in the reaction mixture. The 
product is bromobenzene, a product in which the aromatic character of the ring 
has been recaptured. 


Step 2 (fasti: 


H H H H 
Br 
H = H Br + Н“ 
H 
H H 
bromobenzene 


The third step in the reaction mechanism (which is concurrent with the loss of 
Н?) is the regeneration of the Lewis acid catalyst. The proton released in Step 2 
undergoes reaction with the FeBr, ion to yield HBr and FeBr,. 


Step 3 (fast): 


H* + FeBr, <= ЕеВг; + HBr 


Ignoring the function of the catalyst, we may write an equation for the 
overall reaction of the aromatic bromination of benzene: 


" 
Br 
Br* —H* 
————ә — Br 
slow fast 
H 
benzene intermediate bromobenzene 
benzenonium ion 


SAMPLE PROBLEM 


Write resonance structures for the intermediate benzenonium ion in the aromatic 
bromination of benzene. 


< Br Br Br 
Solution: CX e Kk. == CX 
H H H 
Br | 
[re intermediate is often represented as | 
H 


Note the similarity between an electrophilic aromatic substitution reaction 
and an El reaction. In an El reaction, an intermediate alkyl carbocation eliminates 
a proton to form an alkene. 


H 


* д El N 7 


The First Substitution Section 10.9. 369 


An alkyl carbocation also can undergo reaction with a nucleophile in an Syl 
reaction. However, the intermediate benzenonium ion does пог undergo this 
reaction with a nucleophile. The addition of the nucleophile would destroy the 
aromatic stabilization of the benzene ring. 


Br 


SU tee Br does not occur 
x Br — 
ad ae 
H Ec 


B. Isotope effect 


Recall from Section 5.9A that a CD bond is stronger than a CH bond. If the 
breaking of a CH bond is part of the rate-determining step of a reaction, the rate 
of reaction for a CD compound is slower than the rate for the corresponding CH 
compound. 

If, as we have said, the rate-determining step of electrophilic aromatic 
substitution is the formation of the benzenonium ion, then reaction of deuteriated 
benzene would proceed at the same rate as the reaction of normal benzene. Experi- 
ments have shown this to be true; benzene and perdeuteriobenzene undergo 
electrophilic bromination at the same rate, and no kinetic isotope effect is ob- 
served. 


H H H H H H 
Вг.. ЕеВ pr -H* 
H АИ НН Вг 
slow fast 
H 
H H H H H H 
хате 
гате 
р р D D D D 
Br;. FeBrs P =” 
D DD = D D Br 
slow fast 
D 
D D D D D D 


Step 2 in the reaction mechanism, loss of H* or D *, does involve breaking of 
the CH or CD bond. Undoubtedly, the rate of elimination of D* is slower than 
that of H`, but in either case the second step is so fast compared to Step | that no 
change in overall rate of reaction is observed. This fact may be illustrated with an 
energy diagram (see Figure 10.8). 


C.  Nitration 


Benzene undergoes nitration when treated with concentrated HNO,. The Lewis 
acid catalyst in this reaction is concentrated H,SO,. Like halogenation, aromatic 
nitration is a two-step reaction. The first step (the slow step) is electrophilic attack. 
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transition state 1 


transition state 2 А 

when 
perdeuteriobenzi ne 
i the reactant 


—— r > 


Ож+н 


Progress of reaction > 


FIGURE 10.8. Energy diagram for the bromination of benzene and perdeuteriobenzene. 


In nitration, the electrophile is * NO; ; the equation for its formation is shown on 
page 467. The result of the attack is a benzenonium ion, which undergoes rapid 
loss of Н“ in the second step. This H* combines with HSO, to regenerate the 
catalyst, H,SO,. 


*NO; о —H* 
slow " fast NO; 


benzene } E 3 
a benzenonium ion nitrobenzene 


D. Alkylation 


The alkylation of benzene is the substitution of an alkyl group for a hydrogen on 
the ring. Alkylation with an alkyl halide and a trace of AICI, as catalyst is often 
referred to as a Friedel-Crafts alkylation, after Charles Friedel, a French chemist, 
and James Crafts, an American chemist, who developed this reaction in 1877. The 
reaction of 2-chloropropane with benzene in the presence of AICI, is a typical 
Friedel-Crafts alkylation reaction. 


AICI, 
(О) + (Сн) снаа (СО) енен, + на 


2-chloropropane isopropylbenzene 
(1зоргору] chloride) (cumene) 


The first step in alkylation is the generation of the electrophile: a carbocation. 
ВОРА. z——— ^er AGI 


The second step is electrophilic attack on benzene, while the third step is elimina- 
поп of a hydrogen ion. The product is an alkylbenzene. 


R* i R —H* 
- ME nm R 
о || o 


an alkylbenzene 
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One problem in Friedel-Crafts alkylations is that the substitution of ап 
alkyl group on the benzene ring activates the ring so that a second substitution 
may also occur. (We will discuss ring activation and second substitutions later in 
this chapter.) To suppress this second reaction, an excess of the aromatic compound 
is commonly used. 


©) т (CH ,).СНСІ MULUS (Сенен, + some снсн-(С)- енен, 


ёхсехх 


Another problem in Friedel-Crafts alkylations is that the attacking electro- 
phile may undergo rearrangement by 1,2-shifts of H or В. 


©) + CH,CH,CH,C] ME. (С) нен, 1 (C)-cu.cu.cn, 


I-chloropropane sopropylbenzene n-propylbenzene 
(n-propyl chloride) 70% 30°. 
СН, 
| АС, 
1-chloro-2-methylpropane t-butylbenzene isobutylbenzene 
(isobutyl chloride) 100°, 


The rearrangements shown are of primary alkyl halides, which do not readily 
form carbocations. In these cases, reaction probably proceeds through an 
RX—AICI; complex. 

ô+ бе 
CHH Te EOS EN м AICI, 


a complex 


CH,CH.CH,—Cl + АА, 


This complex тау (1) undergo reaction with benzene to yield the nonrearranged 
product, or (2) undergo rearrangement to a secondary or tertiary carbocation, 
which leads to the rearranged product. 


No rearrangement 


с а ы & 
(Ун aE ELM 
| , 
аи. Сан р um. 
OL] ge 
H 


n-propylbenzene 


Rearrangement 


H 
=, И". ОЈ 
CH,CHCH,-Lci—- —Aici, "Cs үєн,Снєн.] (Qcus. 


а 2 carbocation 


isopropylbenzene 
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Alkylations may also be accomplished with alkenes in the presence of HCI 
and AlCl}. The mechanism is similar to alkylation with an alkyl halide and pro- 
ceeds by way of the more stable carbocation. 


CH,CH=CH, + НСІ + AIC], ——25 [CH,CHCH,] + AlCl, 
propene more stable 
2° carbocation 


E + CH(CH3); EX. 
Q стенен, CX | И, (Qoi, 
H 


isopropylbenzene 
У 
85% 


STUDY PROBLEM 


10.5. Predict the major organic product of the reaction of benzene in the presence of 
AICI, (and НСІ in the case of an alkene) with: (a) l-chlorobutane ; 
(b) methylpropene; (с) neopentyl chloride (1-chloro-2,2-dimethylpropane); 
(d) dichloromethane (using an excess of benzene). 


E. Acylation 


The RC— group or the ArC— group is called an acyl group. Substitution of an acyl 
group on an aromatic ring by reaction with an acid halide is called an aromatic 
acylation reaction, or a Friedel-Crafts acylation. 


О О 
| AICI, | 
= еее р” CCH, + НСІ 
acetyl chloride acetophenone 
an acid halide 97% 


This reaction is often the method of choice for preparing an aryl ketone. 
The carbonyl group of the aryl ketone may be reduced to a CH, group (Section 
11.14C). By the combination of a Friedel-Crafts acylation and reduction, an 
alkylbenzene may be prepared without rearrangement of the alkyl group. 


1 i 
C) +, CH cH cole ess C)-cen.cn, =ч сн„СН ОШ 


heat 
propanoyl chloride phenyl ethyl ketone n-propylbenzene 


90 Wa 80 j^ 
The mechanism of the Friedel-Crafts acylation reaction is similar to that of 
the other electrophilic aromatic substitution reactions. The attacking nucleophile 


As 
is an acylium ion (RC=O). 
the electrophilic carbon 


| i | 
АС + ҮТ. HIE 
RCGI AGI, кя” RC-LCL-AICI, ICT [R—-C£6 к= 


resonance structures for 
an acylium ion 


polarized 


| 
| 
| 
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STUDY PROBLEMS 


Write a mechanism for the reaction of an acvlium ion with benzene to yield а 
ketone. 


Predict the major organic products of the reaction of benzene with each of the 
following compounds and AlCl, as the catalyst: 


CH, CH, O 
(а) CH,CH.CHCH,.Cl (b) CH;CH,;CH—CCl, followed by Zn'Hg. НСІ 


Е. Sulfonation 


The sulfonation of benzene with fuming sulfuric acid (H,SO, + SO;) yields 
benzenesulfontc acid. 


H.SO, 4 
+ ЗО =» к= SO,H 
40 H 


benzenesulfonic acid 
50°. 


Unlike the other electrophilic substitution reactions of benzene, sulfonatton 
is a readilv reversible reaction and shows a moderate kinetic isotope effect. 
Perdeuteriobenzene undergoes sulfonation at about half the rate of ordinary 
benzene. From these data, we conclude that the intermediate benzenonium ion 
in sulfonation can revert to benzene or go on to benzenesulfonic acid with almost 
equal ease (or the reaction would not be readily reversible). Also, the rates of 
reaction of Steps 1 and 2 must be more nearly equal than for other electrophilic 
aromatic substitution reactions (or the reaction would not show a kinettc isotope 
effect). Figure 10.9 shows an energy diagram for the sulfonation of benzene. Note 
that the energies of the transition states of Steps | and 2 are roughly the same. 

The sulfonic actd group is easily displaced by a variety of other groups; 
therefore, arylsulfonic actds are useful synthettc intermediates. We will introduce а 
few of these reacttons of arylsulfonic acids in Section 10.16. 


trans tion states 1 and 2 
f nearly equal energies 


y: \ P. hen 
| | ГА perdeuteriobenzene 
р 


is the reacrant 


—— 


| ©) dios (e 


E Progress of reaction 2 


FIGURE 10.9. Energy diagram for the sulfonation of benzene. 
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SECTION 10.10. 


The Second Substitution 


A substituted benzene may undergo substitution of a second group. Some sub- 
stituted benzenes undergo reaction more easily than benzene itself, while other 
substituted benzenes undergo reaction /ess easily. For example, aniline undergoes 
electrophilic substitution a million times faster than benzene. Nitrobenzene, on the 
other hand, undergoes reaction at approximately one-millionth the rate of benzene! 
(Rather than allowing a reaction to proceed over a much longer period of time, a 
chemist commonly uses stronger reagents and higher temperatures for a less reac- 
tive compound.) 


Br 
H,O 
Cpu: + 3Br, == == =) Вг NH; + 3HBr 
aniline Br 
\ 2.4,6-tribromoaniline 
100% 
no catalyst needed 
as it would be for benzene 
NO, 
А H,SO, 
e I DE NO, + H,O 
nitrobenzene m-dinitrobenzene 


N 987 


requires fuming nitric acid. 
higher temperature, and longer 
time than benzene 


In these examples, we would say that NH, is an activating group: its presence 
causes the ring to be тоге susceptible to further substitution. On the other hand, 
the NO, group is a deactivating group: its presence causes the ring to be /ess sus- 
ceptible than benzene to substitution. 

Besides the differences in reaction rates of substituted benzenes, the position 
of the second attack varies: 


NO; 
HNO 
(Qo p С + ona but no meta 
HSO, 
chlorobenzene ortho para 
30% 70% 
NO, 
HNO 3 
e Sos Qe. and very little ortho or para 
250. 
nitrobenzene meta 


Am ——  — á————— ————— 
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STUDY PROBLEM 


If chlorobenzene were nitrated at equal rates at each possible position of 
substitution, what would be the ratio of o-, m-, and p-products? 


Chlorobenzene is nitrated in the ortho- and para-positions, but not in the 
meta-position. However, nitrobenzene undergoes a second nitration in the 
meta-position; very little substitution at the ortho- or para-positions occurs. These 
examples show that the nature of the incoming group has no effect on its own 
positioning on the ring. The position of second substitution is determined by the 
group that is already on the ring. 

To differentiate between these two types of substituent, Cl is called an 
ortho. para-director, while NO; is called a meta-director. Any substituent on a 
benzene ring is either ап o,p-director or a m-director, although to varying degrees, 
as is shown in Table 10.5. 


TABLE 10.5. Orientation of the nitro group in aromatic nitration 


Approximate percents 


of products 
Reactant о р т 
C,H,OH 50 50 E 
C,H;CH; 60 40 — 
C,H;Cl 30 70 = 
C,H;Br 40 60 - 
C,H,NO, 6 = 94 
C,H,COH 20 = 80 


Table 10.6 contains a summary of commonly encountered benzene sub- 
stituents classified as activating or deactivating and as o,p-directors or m-directors. 
Note that all o,p-directors except the halogens are also activating groups. All m- 
directors are deactivating. Also note that all o,p-directors except aryl and alkyl 
groups have an unshared pair of electrons on the atom attached to the ring. None 
of the m-directors has an unshared pair of electrons on the atom attached to the 
ring. 


no unshared e 
(«o 


es unshared e A 
ож“ Os 
O 


o. p-director. m-director, 
activating deactivating 


7 
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TABLE 10.6. Effect of the first substituent on the second substitution 


m-Directors 


0,p- Directors (all deactivating) 
i 
—NH,,—NHR,—NR,  —CR 
increasing —ӦН —CO,R 
activation 
Е —5О,Н 
| 
о —CHO | 
—NHCR —CO,H 
increasing | 
—CoHs (aryl) "wc deactivation 
—R (alkyl) — 0» 
es | 
— X: (deactivating) == К 
STUDY PROBLEM | 
| 


10.9. What would be the major organic products of second substitution in each of the 
following reactions? 


HNO,, H,SO, >, 
су сис са (b couno SE. 
SO, HSO, CH,—CH, 
О СаО ===: (d) CeHsCHs —легне 


A. Mechanism of the second substitution with an 
0, p-director 


Why are most o,p-directors activating groups? Why do they direct incoming 

groups to the o- and p-positions? To answer these questions, let us consider aniline, | 
a compound with the o,p-directing NH, group on the ring. The resonance struc- 
tures for aniline show that the NH, group is electron-releasing by resonance, | 
even though N is an electronegative atom. 


unshared pair of e donated 


» 


D == | : 
С — co — (De С 1 
- 


The result of the resonance-stabilization of aniline is that the ring is partially i 
negative and is highly attractive to an incoming electrophile. All positions (o-, m-, 
and p-) on the aniline ring are activated to electrophilic substitution ; however, the 
о- and p-positions are more highly activated than the m-position. The resonance 
structures above show that the o- and p-positions carry partial negative charges, 
while the m-position does not. | 
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The amino group in aniline activates the benzene ring toward substitution to 
such an extent that (1) no Lewis acid catalyst is needed, and (2) it is very difficult 
to obtain a monobromoaniline. Aniline quickly undergoes reaction to form the 
2,4,6-tribromoaniline (both o-positions and the p-position brominated). 

The mechanism of the bromination of aniline is similar to the mechanism of 
the bromination of benzene itself. 


Br 7 
7] " uc 
= H 


aniline a benzenonium ion p-bromoaniline 


The difference between the mechanism of the bromination of aniline and that 
of benzene lies in the stabilization of the intermediate benzenonium ion. А sub- 
stituted benzenonium ion is resonance-stabilized, just as is the unsubstituted 
benzenonium ion, but in the case of aniline, the amino group can increase the 
stabilization. An increased stabilization of the intermediate means a transition state 
of lower energy in Step 1 (see Figure 10.10) and therefore a faster rate of reaction. 


Br | 
Va H + 
a 
DS Br А 
H 


added stabilization 


Resonance structures tor the p-intermediate: 


In the intermediate for m-substitution, the nitrogen of the amino group can- 
not help share the positive charge. (Draw the Kekulé structures for the m-sub- 
stituted intermediate and verify this statement for yourself. Therefore, the 
intermediate for m-substitution is of higher energy than are the intermediates 
leading to either o- or p-substituted products. Because this intermediate is of higher 
energy, its transition state also has a higher energy, and the rate of reaction at the 
m-position is lower. 


for benzene 


for aniline: stabilized 
transition state means 
lower £,., and faster rate 


— мч —ә 


Progress of reaction ——» 


FIGURE 10.10. Energy diagrams for the bromination of aniline and benzene. 
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The amino group, along with —ОН, —OR, —NHCOR, and phenyl groups, 
activates the benzene ring toward electrophilic substitution by donating a pair of 
electrons to the ring through resonance. Substitution occurs at the o- and p- 
positions because the group helps share the positive charge in these intermediates. 

Although the amino groupis ano,p-director and a ring activator, its character 
changes in a reaction mixture containing a Lewis acid such as H,SO,, HNO,, 
or AICI,. The reason for this is that the amino group reacts with a Lewis acid to 
yield a meta-directing, deactivating ammonium ion group. 


0.p-director., m-director, 
и activating ' deactivating 


у А 
OR + H,SO, —— e + HSO,” 


STUDY PROBLEMS 


Draw the resonance structures for the intermediate in the nitration of phenol to 
yield o-nitrophenol. 


The benzene ring in acetanilide (Table 10.1, page 451) is Jess reactive toward 
electrophilic substitution than the ring in aniline. Suggest a reason for this lesser 
activation by the ты group. 


О 


Halogens are different from the other o, p-directors. They direct an incoming 
group ortho or para, but they deactivate the ring to electrophilic substitution. A 
halogen substituent on the benzene ring directs an incoming group to the о- or 
p-position for the same reason the amino or hydroxyl group does. The halogen can 
donate electrons and help share the positive charge in the intermediate. 


NO, NO, NO, NO, 
У H H H H 


But why does a halogen deactivate the ring? A halogen, oxygen, or nitrogen 
withdraws electronic charge from the ring by the inductive effect. We would expect 
that any electronegative group would decrease the electron density of the ring and 
would make the ring less attractive to an incoming electrophile. 


X 
"an e withdrawal should deactivate 
the ring (and does deactivate the ring 
when X is Cl. Br. Г) 


In phenol or aniline, the effect of ring deactivation by electron withdrawal is 
counterbalanced by the release of electrons by resonance. Why is the same effect not 
observed in halobenzenes? In phenol or aniline, the resonance structures of the 
intermediate that confer added stability arise from overlap of 2p orbitals of carbon 
and 2p orbitals of N or O. These 2p orbitals are about the same size, and overlap is 
maximal. 


ortho: 


рага: 


meta 
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ON = О.М ‚= 
2 / ^ BOW 7 
А а © X xe 
н = H = \ 


\ 
n Ip 2p- Ар 


In chlorobenzene, bromobenzene, or iodobenzene, the overlap in the 
intermediate is 2p-3p, 2p-4p, or 2p-5p, respectively. The overlap is between orbitals 
of different size and is not so effective. The intermediate is less stabilized, the 
transition-state energy is higher, and the rate of reaction is lower. (Fluorobenzene, 
with 2р- 2р overlap in the intermediate, is more reactive than the other halobenzenes 
toward electrophilic substitution.) 

In summary, OH, NH,, or a halogen determines the orientation of an in- 
coming group by donating electrons by resonance and by adding resonance-stabili- 
zation to o- and p-intermediates. For OH and МН, , electron release by resonance 
activates the ring toward electrophilic substitution. Electron release by resonance 
is less effective for СІ, Br, or I than it is for OH or NH,. Chlorobenzene, bromo- 
benzene, and iodobenzene contain deactivated rings because the electron-with- 
drawal by these substituents is relatively more effective. 

An alkyl group does not have unshared electrons to donate for resonance- 
stabilization. However, an alkyl group is electron-releasing by the inductive effect, 
a topic we discussed in Section 5.6F. Because an alkyl group releases electrons to 
the benzene ring, the ring gains electron density and becomes more attractive 
toward an incoming electrophile. 


j ô+ ô+ R groups activate 
CH; CH(CH 3); because they are 
e -releasing 


To see why alkyl groups direct incoming electrophiles to o- and p-positions, 
we must again look at the resonance structures of the intermediates. 


Br Br 


Br 
р Н Н Н 
CH, = wm — CH, added 
\ srabilizations ; 
p А + next то 
e -releasing В 


Br 7 Br "d Br 
Ceo — ЖЭ» Open 
H H LIS 

Br Br Br 
H H H X 
= СОИ om === АСВ 


The intermediates for o- or p-substitution both have resonance structures in 
which the positive charge is adjacent to the R group. These structures are especially 
important contributors to resonance-stabilization because the R group can help 
delecalize the positive charge by electron release and lower the energy of the transi- 
tion state leading to these intermediates. The situation is directly analogous to that 
of an R group stabilizing a carbocation. The resonance structures for the inter- 
mediate in m-substitution have no such contributor. The m-intermediate is of 
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higher energy. Attack on an alkylbenzene occurs ortho and para at a rate that 1s 
much faster than attack at a meta position. 


SAMPLE PROBLEM 


Which compound would you expect to undergo aromatic nitration more readily, 
C,H;CH, or СН. СО? 


Solution: While the СН, group is electron-releasing and activates the ring, the 
CCl, group is strongly e/ectron-withdrawing because of the influence of the 
electronegative chlorines. CHCH, has an activated ring; С.Н; СС. has a 
deactivated ring and undergoes substitution more slowly. 


STUDY PROBLEM 


10.12. Give the major organic products of the reaction of each of the following 
compounds with 2-chloropropane and AICI,. Indicate the relative order of the 
reaction rates. 


(a) bromobenzene (b) phenol (c) toluene (d) benzene 


B. Mechanism of the second substitution with a meta-director 


In benzene substituted with a meta-director (such as NO, or СО,Н), the atom 
attached to the benzene ring has no unshared pair of electrons and carries a 
positive or a partial positive charge. It is easy to see why the m-directors are de- 
activating. Each one is electron-withdrawing and cannot donate electrons by 
resonance. Each one decreases the electron density of the ring and makes it less 
attractive to an incoming electrophile. The energy of the Step-1 transition state is 
higher than it would be for unsubstituted benzene. 

A meta-director does not activate the m-position toward electrophilic sub- 
stitution. А meta-director deactivates all positions in the ring, but it deactivates the 
m-position less than the other positions. The resonance structures of the inter- 
mediates resulting from attack at the various positions show that the o- and 
p-intermediates are destabilized by the nearness of two positive charges. The m- 
intermediate has no such destabilizing resonance structure. The following re- 
sonance structures are for the intermediate in the bromination of nitrobenzene: 


Br Br Br 
Эз Сухе 

ortho: NO, —<—— аа М 
i d So high energy 
(adjacent + charges) 

Br 4 On r 
para: X №. == Ре МО, =; n 
"Ве 


Вг 
Н X H 
meta: Ko, g——— NO; 


favored: no adjacent charges 
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C. Summary of substituent effects 


1. А substituent that is electron-releasing activates a benzene ring and is an 
0,p-director. 
— 


и 


KCO ес Ож 


А halogen is an o, p-director because it releases electrons by resonance, but 
it deactivates the ring by its electron-withdrawing inductive effect. 


кее ^ 
«Q9 Q- 
- NS 


3. А meta-director deactivates all positions on the ring by electron withdrawal 
and deactivates the o- and p-positions especially. 


E b © 
E7 ( )-хо, (o: 
= 


t2 


SECTION 10.11. 
The Third Substitution 


What if a benzene ring has two substituents already? Where does a third sub- 
stituent go? A few general rules will cover the majority of cases. 


1. Iftwo substituents direct an incoming group to the same position, that will be 
the principal position of the third substitution. 


# № СН, and m to NO, NO, 
5 2 
CH, CH, CH, 
N SO, 
a 
< N О, N 
рта CH, und m to N О. хо, NO; O;N 5 о, 
o-nitrotoluene 2,6-dinitrotoluene 2.4-dinitrotoluene 
2. If two groups conflict in their directive effects, the more powerful 
activator (Table 10.6) will exert the predominant directive effect. 


more powerful 
0.p-director 


МО, 
E dil. HNO 
cH (on ылыш. сщ он 
p-methylphenol 4-methy]-2-nitrophenol 


(p-cresol) 


3.  Iftwo deactivating groups are on the ring, regardless of their position, it may 
be difficult to effect a third substitution. 
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4.  Iftwo groups on a ring are тега to each other, the ring does not usually 
undergo substitution at the position between them, even if the ring is acti- 
vated. The lack of reactivity at this position is probably due to steric hin- 


drance. 
OH ve not here 
O HO Brz, FeBr | r 
m-hydroxybenzaldehyde е 


6-bromo-3-hydroxybenzaldehyde 


STUDY PROBLEM 


10.13. Predict the products of the next substitution: 


(a) Qo. -— 


CI 


(b) ск GH.CL А1С1, 


O;N 


| 
© QO нхо, H504, 


SECTION 10.12. 


Alkylbenzenes 


The benzene ring often has a large effect on the chemical properties of its sub- 
stituents. For example, the alkyl groups attached to a benzene ring are no different 
from other alkyl groups, with one important exception: the carbon adjacent to the 
benzene ring is a benzylic carbon. 


Benzylic carbons: 


\ 
\ \ 


\ \ \ 
hl + 4 
(Оу, (eu O H,CH,CH, 


A benzyl cation, a benzyl free radical, and a benzyl carbanion are all reso- 
nance-stabilized by the benzene ring. Consequently, the benzylic position is a site 
of attack in many reactions. 


STUDY PROBLEM 


10.14. Draw the resonance structures of the carbocation intermediate in the S,1 
reaction of benzyl bromide with water. 
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Although an alkene is readily oxidized by such reagents as hot KMnO, 
solution, a benzene ring is not oxidized under these laboratory conditions. How- 
ever, the alkyl group of an alkylbenzene may be oxidized. Because of the reactivity 
of the benzylic position, alkylbenzenes all vield the same product, benzoic acid, 


upon oxidation. 
toluene QE 
hot MnO, - 


ethylbenzene benzoic acid 
hot MnO,^ 
O H(CH;): 


isopropylbenzene 


STUDY PROBLEM 


10.15. What would be the oxidation product of tetralin with hot KMnO, solution? 


QO 


tetralin 


Free-radical halogenation is another reaction that takes place preferentially 
at the benzylic position (Section 6.5B). (Note that the conditions of free-radical 
halogenation are different from those for electrophilic aromatic halogenation, 
which is an ionic reaction, not a free-radical reaction.) 


Br 
Br; | 
CH;CH; Бе СНСН, 
ethylbenzene 1-bromo-1-phenylethane 


SECTION 10.13. 
Phenols 


A phenol (ArOH) is a compound with an OH group attached to an aromatic ring. 
As we mentioned in Section 10.10, the OH group is a powerful activator in electro- 
philic aromatic substitution reactions. 

Because a bond from a sp? carbon is stronger than a bond from an sp? carbon 
(Section 2.4F), the C—O bond of a phenol is not easily broken. Phenols do not 
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undergo S41 or S42 reactions or elimination reactions as alcohols do. 


Ssl or 542 


R—OH + НВг ———'**, RBr + H,O 


an alcohol 


Ar—OH + НВг ————» no reaction 


a phenol 


Although the C—O bond of a phenol is not easily broken, the OH bond is 
readily broken. Phenol, with a pK, of 10, is a stronger acid than an alcohol or 
water. (The acidity of phenol was discussed in Section 7.10.) A phenoxide ion 
(АгО”) is easily prepared by treatment of a phenol with aqueous NaOH. Recall 
that phenoxides are useful in the preparation of aryl alkyl ethers. 


AKO)” — ая RX — MANC REL 


a phenoxide a P? alkyl an ether 
ion halide 


A.  Esterification of phenols 


Esterification of phenol does not involve cleavage of the strong C—O bond of the 
phenol, but depends on the cleavage of the OH bond. (We will discuss the mech- 
anism of esterification reactions in Chapters 12 and 13.) Therefore, esters of 
phenols can be synthesized by the same reactions that lead to alkyl esters. 

Although a carboxylic acid could be used in the esterification of a phenol, 
yields are usually low. Better results are obtained if a more reactive derivative of 
a carboxylic acid is used instead of the acid itself. Acetic anhydride 15 a reactive 
derivative that leads to acetate esters (Section 13.4C). 


О 


i i | 
CH,C—OCCHg, + noO) == сно (С) + CH,COH 


tic anhydrid 
асепс anhydride phenol phenyl acetate 


an ester 
STUDY PROBLEM 


Suggest syntheses for the following compounds: 


^) — 9 GO 


B. The Kolbe reaction 


Because the OH group is such a powerful ring activator in electrophilic substitution 
reactions, phenols and phenoxides undergo some rather interesting reactions. One 
of these is the Kolbe reaction, the reaction of sodium phenoxide with CO, to yield 
sodium salicylate, which yields salicylic acid when acidified. 


Phenols Section 10.13. 485 


QOL qu *б: :ÓH OH 


j Il. " бш ЧЫ £F ; 
f NM =, ED = C co. == CO,H 
4 IK e: (C=) —/ 


2 | 
:О:_ 


salicylate ion salicylic acid 


Salicylic acid is used to synthesize acetylsalicylic acid, commonly called aspirin. 


il 
он о OCCH, о 
OFN ш юн CO,H TU CH COH 


acetic anhydride Че 
acetylsalicylic acid 
(aspirin) 


C. The Reimer-Tiemann reaction 


Another interesting reaction of phenol is its reaction with chloroform in aqueous 
base. followed by treatment with aqueous acid. The product is salicylaldehyde. 
This reaction is called the Reimer-Tiemann reaction. 


(1) CHC. ОН, 70° 
Ж. йы La 
(Оу он (2) H0. H* Qo 
salicylaldehyde 


The first step in this reaction is the formation of the very reactive inter- 
mediate dichlorocarbene from the action of the base on chloroform. (This type of 
reaction has been discussed in Section 9.12.) 


.. — =(@ 
Doc бо. ш о. 


dichlorocarbene 


The carbon atom in :ССІ, contains only six valence electrons; thus, :ССІ, can 
act as an electrophile in aromatic substitution. 


H CHCI, 


сав 
xc Ó: ——_ Ó:- 
\ á ee 


o-(dichloromethy!)phenoxide ion 


The (dichloromethyl)phenoxide ion contains two chlorides in a benzylic 
position. Recall that benzylic halides undergo rapid S,1 and S42 reactions with 
ОН”. The dichloro compound undergoes just such a substitution to yield ап 
unstable 1,1-chlorohydrin that subsequently loses Н“ (to the base) and CI. 


а 1,1-chlorohydrin 
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Salicylaldehyde is obtained by acidification of the alkaline solution. 


CHO CHO 
„ооо а 
Qe — Qe 


salicylaldehyde 


D. Oxidation of phenols 


Phenol itself resists oxidation because formation of a carbonyl group would 
lead to loss of aromatic stabilization. However, 1,2- and 1,4-dihydroxybenzenes, | 
called hydroquinones, can be oxidized to quinones. The oxidation proceeds with 

very mild oxidizing agents, such as Ag* or Fe?*, and is readily reversible. (The | 
biological reduction of the quinone ubiquinone was mentioned in Section 6.6B.) | 
Although simple hydroquinones are colorless, quinones are colored. The quinonc | 
ring system is found in many dyes (Section 21.5). 


ae О . | 
:OH "Ot 
: 
[0] | 
T = + = : 
[H] JE Dal’ че? ; 
| 
:OH O: | 
hydroquinone 1,4-benzoquinone 
(quinone) 
OH {oF 
:OH Ө: | 
ON > _ 
“mr +2Н* +2e 
catechol 1,2-benzoquinone 


The ability of hydroquinone to reduce silver ions to silver metal is the 
chemical basis of photography. Silver ions in a silver halide crystal that has been 
exposed to light are more easily reduced than the silver ions of an unexposed 
crystal. Hydroquinone in the developer fluid reduces these light-activated silver 
ions at a faster rate than the nonexposed silver ions. In the fixing process, unreacted 
silver halide is converted to a water-soluble silver complex by sodium thiosulfate, 
Na,S,0; (called Aypo), and washed from the film. The result is the familiar 
photographic negative. 

Bombardier beetles rely on the easy oxidation of hydroquinones as a defensive 
mechanism against spiders, mice, and frogs. These beetles contain glands that store 
H5O, and other glands that store hydroquinones. When the beetle is threatened, 
secretions from the two types of glands are mixed together, along with enzymes 
that catalyze the oxidation of the hydroquinones. The products are irritating 
quinones and O, (which acts as a propellant) that are squirted at the predator. 
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SECTION 10.14. 


Benzenediazonium Salts 


A. Preparation and reactivity of benzenediazonium chloride 


Arylamines such as aniline can be prepared in the laboratory by the nitration of 
aromatic compounds followed by reduction of the nitro group. A mixture of iron 
filings and concentrated HClis a common reducing agent for this reaction. Because 
the reaction is run in acid, a protonated amine is the product. Subsequent treatment 
with base generates the amine itself. 


HNO, Р Ее E _ он 
О x Qe с Она c- Qm 


Aniline and other arylamines undergo reaction with cold nitrous acid 
(HONO) in НСІ solution to yield aryldiazonium chlorides (ArN,* СГ). The 
nitrous acid is usually generated in situ by the reaction of sodium nitrite 
(Ма? ~ONO) with НСІ. Diazonium salts are very reactive; therefore, the reaction 
mixture must be chilled. (Alkyldiazonium salts, RN,* X7, are not stable even in 
the cold ; see Section 15.9.) 


0- * 
(Qo. ею. на s e a He 


aniline benzenediazonium 
chloride 


The high reactivity of diazonium salts arises from the excellent leaving ability 
of nitrogen gas, N,. Because of this leaving ability, the diazonium group may be 
displaced by a variety of nucleophiles, such as I~ . Some of the substitution reactions 
that we will present are thought to proceed by a free-radical mechanism. In other 
cases, the substitution reaction proceeds through an aryl cation by a mechanism 
similar to that of an S41 reaction. 


Qe = О О 


In these displacement reactions, the diazonium salt is generally prepared 
(but not isolated), the nucleophilic reagent is added, and the mixture is allowed to 
warm or is heated. Yields of substitution products are generally good to excellent: 
70—95 ° from the starting arylamine. 


B. Reactions of benzenediazonium salts 


Displacement by halide ions and cyanide ions. 'Thediazonium groupis readily 
displaced as №, by halide ions (Е, СГ, Вг, or I`) or the cyanide ion (^ CN). 
These reactions provide synthetic routes to aryl fluorides, iodides, and nitriles 
(ArCN), none of which can be obtained by direct electrophilic substitution. 
Although aryl bromides and chlorides can be synthesized by electrophilic sub- 
stitution reactions, the products are often contaminated with disubstituted 
by-products. Diazonium displacement yields pure monochloro or monobromo 
compounds, uncontaminated by disubstituted products. 
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For the substitution of — Cl, — Br, or — CN, a copper(I) salt is used as the 
source of the nucleophile, and the reaction mixture is warmed to 50-100^. (The 
Си? ion acts as a catalyst in these reactions.) This reaction, using the copper(I) 


salt, is called the Sandmeyer reaction. 
Оч + 


Cu;Cl; chlorobenzene 
NaNO, 
HCI р Си,Вг 
(ow. 0 Qo ч | | (Qo d № 
bromobenzene 
CuCN + KCN 


benzonitrile 


Aryl iodides and fluorides are prepared with KI (no catalyst needed) or 
fluoroboric acid (HBF,), respectively. 


ү Qo 
(Qo ci iodobenzene 
e pry =g F 


isolated and dried fluorobenzene 


One use of these diazonium reactions is the preparation of compounds that 
cannot be readily synthesized by other routes. For example, consider the synthesis 
of p-toluic acid (p-methylbenzoic acid). The usual route to an aryl carboxylic 
acid is the oxidation of an alkylarene (R— Ar). Oxidation cannot be used for the 
preparation of p-toluic acid from p-xylene (p-dimethylbenzene) because both 
methyl groups would be oxidized to carboxyl groups. However, p-toluic acid can 
be obtained by way of a diazonium intermediate, followed by treatment with 
CuCN-KCN and subsequent hydrolysis of the —CN group to —СО.Н, a 
reaction that will be discussed in Section 13.12. 


NaNO, 
НСІ n ы CuCN + KCN 
OR M TEOR с —— 


p-methylaniline 
(p-toluidine) 


CH, о MN CO,H 
heat 3 _ 


p-methylbenzoic acid 
(p-toluic acid) 


Benzenediazonium Salts Secton 10.14. 489 


Displacement by —OH. Phenols may be prepared from diazonium salts by 
reaction with hot aqueous acid. This reaction provides one of the few laboratory 
routes to phenols. 


(Qo e M он 


phenol 


Displacement by —H. The —N;' group may be replaced with —H by 
treatment of the diazonium salt with hypophosphorous acid, Н;РО,. This 
sequence provides a method of removal of an NH, group from an aromatic ring. 


benzene 


SAMPLE PROBLEM 


Show how vou would synthesize 1.3.5-tribromobenzene from aniline. 
(Remember that bromine 15 ап o,p-director in electrophilic substitution 
reactions.) 


Solution: Recall from page 477 that amline undergoes tribromination readily. 
Therefore. the following reaction sequence will yield the desired product: 


Br 
NaNO. 

Е | 
E. su E re HC 
м ^ — A ] E — 
с уны, — O з 

Вг 

Вг Вг 

И 
JOR Gr "os в; 
Br Br 


1.3.5-tribromobenzene 


Coupling reactions. Coupling reactions of aryldiazonium salts are used to 
prepare dyes from aniline and from substituted anilines. In these reactions, the 
diazonium ion acts as an electrophile. Resonance structures for the diazonium ion 
show that both nitrogens carry a partial positive charge. 


° 
n oe 


The terminal nitrogen attacks the para-position of an activated benzene ring 
(one substituted with an electron-releasing group like NH, or OH). The coupling 
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product contains an azo group (—N—N —) and is generally referred to as ап azo 
compound. Many azo compounds are used as dyes (see Section 21.5B). | 


Qe Qo ОО 


p-aminoazobenzene 


p-hydroxyazobenzene 


The reactions of aryldiazonium salts are summarized in Figure 10.11. 


STUDY PROBLEM 


10.17. How would you make the following conversions? | 


CN 


NH; 
» CO — OO 
(b) сн. (С) хо, TOR 
„© — ОО 


ArX where X = Cl, Br, or CN 


Ап 


(2) heat 


ArN; СГ 


a 


where У = OH, NH). or 
other activating group 


FIGURE 10.11. Reactions of an aryldiazonium chloride. 
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SECTION 10.15. 
Halobenzenes and Nucleophilic Aromatic Substitution 


In Chapter 5. we mentioned that aryl halides do not undergo the substitution 
and elimination reactions characteristic of alkyl halides because of the extra 
strength of a bond from an sp? carbon. 


(Ох + МЕ === поз ог Sx? reaction 


an aryl halide 


Under certain circumstances, however, an aryl halide can undergo a nucleophilic 
aromatic substitution reaction. 


O= FNU jae C)-» EX 


Although this reaction appears to be similar to an S41 or S42 reaction, it is quite 
different. It is also different from electrophilic substitution, which is initiated by 
E* not Nu. 

The reactivity of aryl halides toward nucleophiles 1$ enhanced by the presence 
of electron-withdrawing substituents on the ring. Thisis the opposite of a substituent's 
effect in electrophilic aromatic substitution. Here, an electron-withdrawing sub- 
stituent makes the ring less rich in electrons and more attractive to an attacking 


nucleophile. 
10% NaOH 
О zm Qo» 
300 aim 
chlorobenzene phenol 
ona ры з ол (С)-он 
increasing 160* 
reactivity p-chloronitrobenzene p-nitrophenol 
toward Nu 
NO; NO; 
x H;O 
O;N CI 3 o eo 
E warm 
NO; NO, 
1-сШого-2.4.6- 2,4,6-trinitrophenol 
trinitrobenzene (picric acid) 


an explosive 


Other nucleophiles besides ОН” and H,O can also undergo reaction with 
activated aryl chlorides. 


NO, NO, 


ox Oo — > QN NH, 


1-chloro-2.4-dinitrobenzene 2 4-dinitroaniline 
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The mechanism of nucleophilic aromatic substitution is thought to proceed 
by one of two routes. The first is through a carbanion intermediate. If the ring is 
activated toward nucleophilic substitution by an elcctron-withdrawing group, the 
reaction proceeds by a two-step mechanism: (1) addition of the nucleophile to 
form a carbanion (stabilized by the electron-withdrawing group), and (2) sub- 
sequent loss of the halide ion. 


eo. tu Wk i , J 
ont Ув: коз. ont X zB ont \-on ко 
| бн 


10.18. 


~:OH carbanion intermediate 


Although the carbanion intermediate is unstable and reactive, it is stabilized 
to some extent by resonance and by dispersal of the negative charge by the electron- 
withdrawing group. Resonance structures of this intermediate show that an elec- 
tron-withdrawing о- or p-substituent lends more stability to the carbanion inter- 
mediate than does a meta-substituent. When the substituent is о- or p-, the negative 
charge is adjacent to the electron-withdrawing group in one resonance structure. In 
the case of the nitro group, added stability is gained because the nitro group helps 


disperse the negative charge by resonance. 
vg К Сі 
-О ОН 


т added stabilization 


Resonance structures for p-substituted intermediate: 


For m-substituted intermediate (no added stabilization): 


ES] CI cl 
E : ; М 
d F В OH we. 
-0—№ -O—N TO- N 
|| |] | 
О О 


STUDY PROBLEM 


Give the resonance structures for the carbanion intermediate in the reaction of 
sodium hydroxide and o-chloronitrobenzene. 


If there is no electron-withdrawing substituent on the ring, nucleophilic 
aromatic substitution is very difficult and proceeds by the second mechanistic 
sequence. In these cases, the mechanism is thought to proceed through a benzyne 
intermediate. 
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и - -HCI oa NH, мн, 
‹ с —— + МН, 
ws slow | N | fasi o> H; 


chlorobenzene benzyne aniline 


The structure of benzyne is not like that of an alkyne. The two ring carbons 
that have a triple bond between them are joined by an sp?-sp? sigma bond and 
p-p overlap (the aromatic pi cloud). These two bonds are the same as in benzene. 
Thethird bond is the side-to-side overlap of two sp? orbitals, the ones that originally 
were used in the bonds to H and X. Figure 10.12 shows this overlap. Because of 
the rigid geometry of the ring and the unfavorable angles of normal sp? orbitals, 
this overlap cannot be very good. The new bond is very weak, and benzyne is a 
highly reactive intermediate. 

The formation of the benzyne intermediate in the reaction of chlorobenzene 
with ЖаН, in liquid NH; is thought to occur by the following route: 


CCl: ke) чел: + “NES 
D J oe 
H^) benzyne 
:ХН,- 


Benzyne undergoes а rapid addition of a nucleophile to yield а carbanion 
that can abstract a proton from NH, to yield the product (aniline, here) and another 
NH, ion. 


y= [e D C 788 + 7н, 
3 2, 


а carbanion 


One interesting reaction of a benzyne intermediate is its Diels-Alder reaction 
with anthracene (its structure is over the arrow in the following equation) to yield 
an unusual compound called triptycene. 


the `` diene" 


се 


Е Su Diels-Alder 
the dienophile 
triptycene 

normal angle of 120* 

2 does not lead to good 

mt о 
sp*-sp* overlap 
H 1 
H p? asp? 
side view top view 


FIGURE 10.12. The bonding in the benzyne intermediate. 
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STUDY PROBLEM 


In an experiment designed to test the existence of benzyne as an intermediate in 
nucleophilic aromatic substitution, chlorobenzene was treated with sodamide 
(NaNH,) in liquid ammonia. The chlorobenzene was labeled with carbon-14 at 
the C—CI position. 


(a) Ifthis reaction proceeds in accordance with the benzyne mechanism, what 
would be the distribution of carbon-14 in the product aniline— that 15. at 
what positions and in what percentages would carbon-14 be found? 

(b) What would be the distribution of carbon-14 if the reaction proceeds by 
simple nucleophilic displacement? 


SECTION 10.16. 


Syntheses Using Benzene Compounds 


Table 10.7 (page 495) showsthe synthesis possibilities of benzene and its derivatives. 
In the laboratory, electrophilic aromatic substitutions are more widely used as 
synthetic reactions than nucleophilic aromatic substitution because there are fewer 
limitations on the starting material. (To effect nucleophilic aromatic substitution, 
a chemist must either use a ring containing electron-withdrawing groups, or else 
use “forcing” conditions, as shown in the equations on page 491.) 

When using electrophilic aromatic substitution reactions to prepare sub- 
stituted benzene compounds, a chemist may need to use ingenuity. For example, 
if we are preparing m-chloronitrobenzene, chlorination would be a poor choice 
as the first step because this reaction places an o,p-director on the ring. Subsequent 
nitration would give o- and p-chloronitrobenzene but not the desired m-chloro- 
nitrobenzene. It would be best to start with nitration because the nitro group is a 
meta-director. [In synthetic work with substituted benzenes, the order of sub- 
stitution reactions is of importance. 


NO, 
Cl; HNO, 5 


o-chloro- p-chloro- 
nitrobenzene nitrobenzene 


m-chloronitrobenzene 


== = 


TABLE 10.7. Compounds that Can be obtained trom benzene and its derivatives 


Reaction 


Electrophilic substitution: 


Product 


C,H, + NX; ‚^^ halobenzene 

+ HNO, ыр C,H4NO; nitrobenzene* 

+ ВХ Es СЕНЕ alkylbenzene 

AIN, 
= R;C—CHR ШЕТ C,H;CR.CH,;R alkylbenzene 
О О 
| AIN ll 
+ RCX => C,H;,CR aryl ketone” 
+ SO; ED C,H5SO;,H benzenesulfonic 
acid* 
C,H,—Y + E* — —> 0- and p-products 
where Y is OH. NH.. X. К, etc. 
AH. —7 + Е? = m-products 
where Z is NO, . COH. etc. 
Nucleophilic substitution: 
C,H;X + OH ^ C,H;OH phenol’ 
C,H;:X T NH, E xc. GOLISNLEIDS aniline? 
Substituent reactions: 
СНЕ + MnO. һе! CIH.CO,H carboxylic acid 
C.H,CH,R + Br, ог NBS <E, (C.H,CHBrR benzylic bromide 
С.Н.ОН + OH ^ —— —o C,H;O. phenoxide 
i 1 
С.Н.ОН + RCX ——  C,H;OCR ester 
CHO 


(1) СНСІ,. OH- 
(2 H,O. H7 


но—(()—он + [О] 


Reactions of arvldiazonium salts :* 


СӘН? Cl + Na7 


C,H,OH 


———— 


CAHN,” CI- + C,H,Y 


C,H;N—NC,H,Y 


where Y is OH, NH;. etc. 


* May be reduced to aniline (Section 10.14). 


o-hydroxy aryl 


Qe» 
aldehyde 
== quinone 


СН; № substituted (or 
unsubstituted) 


benzene 


azo compound 


Section reference 


10.9A 
10.9C 
10.9D 
10.9D 


10.9E 
10.9F 


10.10 


10.10 


10.15 
10.15 


10.12 
6.5B 
7.10 


10.13A, 
133G, 
13.4C 


10.13C 


10.13D 


10.14B 


10.14B 


* May be reduced to an alkylbenzene (Section 11.14C). 
‹ May be converted to C,H, or С,Н.ОН (Section 10.16, page 497). 


4 Practical in the laboratory only if one or more other electron-withdrawing groups is 


present on the ring. 


* The preparation of aryldiazonium salts is discussed in Section 10.14A. Some specific 
reactions of these salts are summarized in Figure 10.11, page 490. 
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Conversion of one group to another may also be necessary. For instance, re- 
duction of the nitro group to an amino group gives a route to m-substituted anilines. 
Benzene may first be nitrated, then subjected to m-substitution, and finally the 
nitro group may be reduced. 


Br 
HNO, Br; Fe 
(O H,SO, O- Oe abs O- а wi 
Br Br 
OH ; 
an amine salt m-bromoaniline 


Arylamines can also be converted to aryldiazonium salts, making possible 
a diversity of substitution products, as was shown in Figure 10.11, page 490. In 
viewing aromatic compounds from a synthetic standpoint, every nitro group 
should be viewed as a potential diazonium group. 


m-director 0.p-director easily displaced 
E i A 


\ \ NaNO, \ 
(1) Fe, HCI HCI К 
(Qo. or ^ (Qo um Qo 


Knowledge of individual chemical characteristics of aromatic compounds 
is often required for successful solutions of synthetic problems. For example, 
aniline does not undergo Friedel-Crafts reactions because an amino group (a 
basic group) undergoes reaction with Lewis acids. 


“AICI, 


as | 
(О + АЙ Шы Se e 


à Lewis acid 
aniline 


a base 


Nitrobenzene also does not undergo Friedel-Crafts reactions; in this case, 
lack of reaction is due to deactivation of the ring by the electron-withdrawing 
nitro group. 


i 
RX or RCX Е — 
e ETUR. aromatic substitution 
à 


nitrobenzene 


Like the diazonium group, the sulfonic acid group is easily removed from an 
aromatic ring and therefore may be displaced by a variety of reagents. Phenols, for 
example, can be prepared from arylsulfonic acids as well as from diazonium salts. 


10.20. 
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OSA + H,O = ©) + H,SO, 


benzenesulfonic us steam benzene 
acad 
ne (I) Fuse with NaOH 
(Озон амон, (Qor 
phenol 
Br 
Br. 
но(С)-он : 22 
p-hydroxybenzene- Br 
sulfonic acid 


2 4 6-tribromophenol 


STUDY PROBLEM 


Show how you would synthesize the following compounds from benzene: 
(a)m-chloroanihne: (b)z-pentylbenzene: (с) 1,2-diphenylethane: 
(d) triphenylmethane. 


Summary 
An aromatic compound is а type of compound that gains substantial stabiliza- 
tion by pi-electron delocalization. To be aromatic, a compound must be cyclic and 
planar. Each ring atom must have a p orbital perpendicular to the plane of the ring, 
and the р orbitals must contain (4n + 2) pi electrons (Hückel rule). 

Benzene and other aromatics undergo electrophilic aromatic substitution 
reactions. These reactions are summarized in Table 10.7, page 495. 


A second substitution results in o- and p-isomers or else m-isomers, depending 
on the first substituent (see Table 10.6, page 476). The o,p-directors (except К) have 
electrons that can be donated to the ring by resonance. 


Electron release by resonance: 


£v 
С — Sum — Dem — Qm 
: | 
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Electron release by inductive ettect 


All o,p-directors except X activate the entire ring toward electrophilic sub- 
stitution. The o- and p-positions are the preferred positions of substitution because 
of added resonance-stabilization of their intermediates. 

АП m-directors and X deactivate the ring toward further electrophilic sub- 
stitution by electron withdrawal. 


Alkylbenzenes contain a benzylic position that is active toward many re- 


agents: 
hot MnO,- (Оу сон 
(СО) CH, 
X 
| wo. в m | 
X, hy (С-сен, 


Phenols аге more acidic than alcohols and contain a ring highly activated 
toward electrophilic aromatic substitution. They may be esterified with an acid 
anhydride. Hydroquinones (1,2- and 1,4-dihydroxybenzenes) undergo reversible 
oxidation to quinones. 

Arylamines are converted to aryldiazonium salts by reaction with HONO. 
These salts are stable at 0^, but are highly reactive toward a variety of nucleophiles 
(see Figure 10.11, page 490). 


NaNO, Nu^ 
ЕЕЕ 
H 


ArNH, ArN,* СГ ArNu + М, + СГ 
Halobenzenes do not undergo Syl or S42 reactions, but Х can be displaced 
in nucleophilic aromatic substitution reactions, especially if the ring is activated by 


electron-withdrawing groups such as МО.. 
NO; NO; 


ona +N ——À оС) + Cr 
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10.26. 
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STUDY PROBLEMS 


- Draw the structure of each of the following compounds: (а) o-dideuteriobenzene ; 


(b) 1.3.5-trichlorobenzene; (с) m-bromotoluene; (d) p-bromonitrobenzene; 
(e) 4-bromo-2,3-dinitrotoluene; (f) m-chlorobenzoic acid; (g) isopropylbenzene. 


- Name each of the following compounds: 


Br CH; 
(а) C,H;CH=CH, (b) (Су-сн=сн, (с) soc- 
NO. 1 
(4) "e (e) CH, (f) C,H;CH=CHCH=CHC,H, 
ф 


Give the structures and the names of all the isomeric: (a) monobromoanilines; 
(b) monochlorophenols; (с) dinitrotoluenes. 


- Which of the following compounds could be aromatic? (Hint: In many cases, the Hückel 


rule may be extrapolated to structures with more than one ring.) 


B 
м2 $) 
H 


cyclooctatetraene 
dianion 


azulene 


The heat of hydrogenation of benzene is —49.8 kcal/mole, while that of 1,4-cyclohexadiene 
is — 59.3 kcal mole. Calculate AH for the conversion of benzene to 1,4-cyclohexadiene. 


From the following heats of hydrogenation, calculate the energy of the added stabilization 
by conjugation of the double bond in styrene (C,H; CH=CH,): styrene, — 76.9 kcal/mole; 
benzene. — 49.8 kcal/mole; propene, — 28.6 kcal/mole. 


Naphthalene undergoes electrophilic aromatic substitution at the 2-position: 


x 


Predict the organic products of the monosubstitution reactions of naphthalene with each of 
the following sets of reagents: 


(а) Br;, FeBr, (b) HNO;, H,SO, 
(с) CICH;CH;, AICI, (d) CH;—CH;, AICI,, HCl 
G 


[| 
(е) СН,СС, AICI, 
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10.28. Nitrobenzene is sometimes used as a solvent for Friedel-Crafts alkylations. Why does the 
reaction of nitrobenzene not interfere with the desired reaction? 


10.29. Friedel-Crafts acylation reactions may be accomplished with acid anhydrides as well as 
with acid halides: 
о о 


О О 
{|| AICI, [ | 
©) + GHC OCCHI ~ CCH, + HOCCH, 


an acid anhydride 


Predict the product of the AlCl;-catalyzed reaction of benzene with: 
(a) O (b) O 


10.30. Which one of each of the following pairs is more reactive toward aromatic bromination? 


О 


(a) acetanilide Е 0 or benzene 

(b) bromobenzene or toluene 

(c) p-xylene (p-dimethylbenzene) or p-toluic acid (p-methylbenzoic acid) 
(d) m-dinitrobenzene or m-nitrotoluene 

(e) chlorobenzene or m-dichlorobenzene 


10.31. Label each of the following groups as an o,p-director or as a m-director: 


пка ) (D.C МН 1 (e) —OC,H, 
i ү 
(d) —CNHCH, С. (f) 


О 
|| | 
(б) —ОССН, (h —COCH, (i) 


10.32. In acidic solution, nitrous acid (HONO) reacts with some aromatic compounds in a manner 
similar to nitric acid. 


(a) Write an equation showing the formation of the electrophile. 


(b) Write the equation showing the electrophilic substitution of phenol by this species. 
(Include the structure of the intermediate.) 


10.33. Predict the major organic products : 
(a) ethylbenzene + Cl; E. 
(b) ethylbenzene + Br; ES 


h 
(c) styrene + MnO,” _ 


10.34. 


10.35. 


10.36. 


10.37. 


10.38. 


10.39. 


10.40. 


10.41. 


Study Problems 


AICI 
(d) toluene + l-ehloropropane ——— 


(€) toluene + fuming H,SO, 
Ni 

(Г) styrene + excess Н, —————— 

E ^7. 200, Oam 


HF 


(=) 1-propyibenzene + cyclohexene ә 
Е (а Lewis acid) 


Predict the major organic products: 


|| AICI, 
(a) C,H,CH.CH,CH,CCI 


AICI 
(b) toluene + l-chloro-2-methylpropane Sh 


AICI 
(c) benzene + I-chloro-2-butene E 


Explain the following observations: (а) Treatment of benzene with an excess of fuming 
nitric acid and sulfuric acid yields #7-dinitrobenzene, but not the trinitrated product. 
(b) Under the same conditions, toluene yields 2.4.6-trinitrotoluene (TNT). 


Ring monobromination of a diethylbenzene yields three isomeric bromodiethylbenzenes 
(two formed in minor amounts). Give the structures of the diethylbenzene and the 
brominated products. 

Predict the major products of aromatic monochlorination of: (а) chlorobenzene; 

(b) o-dichlorobenzene: (с) m-bromochlorobenzene: (0) m-xylene; (е) acetophenone 


(see Table 10.1); (f) (trichloromethyl)benzene (C,H 4CCI1,). 


Predict the major products of aromatic mononitration of the following compounds: 


О 
| 


(е) (QQ co:n (f) єн, ў—ссн,, 


How would you synthesize each of the following compounds from benzene (assuming 
that you can separate o-, m-, and p-isomers)? 


(a) anisole (С„Н„ОСН)) (b) terephthalic acid (р-НО,С—С„Н„—СО,Н) 
(c) m-dibromobenzene (d) m-nitrophenol 
(e) 2-phenyl-2-propanol (f) 1,1-diphenylethane 


(=) benzyl methyl ether 
Suggest syntheses for the three nitrobenzoic acids from toluene. 


What ions are formed when triphenylmethanol is treated with concentrated H,SO,? 
Suggest a reason for the formation of these ions. 
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10.42. Predict the major organic products: 


(a) p-ethylaniline + NaNO, + HCl. ——35 


(b) f-naphthylamine (page 712) + NaNO, + HCl. ——5 


100° 
KCN 


(d) [the product from (b)] + phenol ==, 


(c) [the product from (а)] + CuCN 


10.43. Complete the following equations: 


h 
(a) ох-(С)-а + н, Енш, 


NO, 
(b) ona гет 
МО, 


(с) ол-({ ў-а + нин, mE m 


10.44. Predict the major organic product of the reaction of benzene with ICI (with iron filings 
added as catalyst). 


10.45. (a) Suggest a reason for the fact that aniline (with a pK, of 9.4) is about one-millionth as 


basic as cyclohexylamine, C6H1: МН, (pK, = 3.3). 
(b) Would you expect p-nitroaniline to be more or less basic than aniline? Why? 


10.46. (a) The herbicide (2,4,5-trichlorophenoxy)acetic acid (called 2,4,5- T) is synthesized by 


heating a tetrachlorinated benzene with methanolic NaOH, followed by reaction with 


CICH,CO,Na and acidification. Write equations for these reactions. 
(b) A by-product of this synthesis is 2,3,7,8-tetrachlorodibenzodioxin (often called 


2,3,7,8- TCDD, or simply dioxin), which is highly toxic and not readily biodegradable. 


Suggest a mechanism for the formation of 2,3,7,8-TCDD. 


Cl 


CI О CI 
cl OCH,CO,H XX JR 
CI О CI 


Cl 
2,4,5-T 2,3,7,8-TCDD 


10.47. 2,4-Dinitrofluorobenzene is used in structure determinations of polypeptides (small 
proteins). This compound undergoes reaction with the free amino group at one end of a 
peptide chain. Write the equation for its reaction with glycylglycine. 


|| 
H,NCH,CNHCH,CO,H 


glycylglycine 


li 


10.48. 


10.49. 


10.50. 


10.51. 


10.53. 
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Suggest syntheses for the following compounds, starting with benzene, toluene, or phenol 
and other appropriate reagents. (Assume that you can separate o-, m, and p-isomers.) 


(а) 2.4,6-trichloropheny! acetate (b) bromodiphenylmethane 


(c) p-nitroacetophenone (d) TORR 


(e) p-fluorotoluene (£) OO 
B 


О 
| 
р O 
(2) (Q) ocn:co.n (h) О-О 
CHO 


Suggest a structure for a compound, C-H,BrCl, that yields m-chlorobenzoic acid upon 
oxidation. 


There are three dibromobenzenes, which melt at 87°, 6°, and — 7^, respectively. The dibromo 
isomer that melts at 87° yields only one mononitrodibromobenzene. The dibromo isomer 
that melts at 6? vields two mononitrodibromobenzenes. The dibromo isomer that melts at 

— 7° yields three mononitrodibromobenzenes. Using these data, assign the structures of the 
three dibromobenzenes. 


Michler's ketone is used as an intermediate in the dye industry. It is synthesized from 
phosgene (Cl,C=O) and an excess of №. N-dimethylaniline with a ZnCl, catalyst. Suggest a 


structure for Michler's ketone. 


N.N-dimethylaniline 


. When bromobenzene is chlorinated, two isomeric compounds (А and B, C,H,BrCl) can 


be isolated. Bromination of A gives a number of isomeric products of the composition 
C,H,;Br-,Cl, while bromination of B yields two isomers (C and D) of the composition 
C&H Br;Cl. Compound С is identical with one of the compounds obtained from the 
bromination of А; however, D is different from any of the isomeric compounds obtained 
from the bromination of A. Give the structures of A. B, C, and D. 


The following reaction is called a Claisen rearrangement. Suggest a mechanism for this 
reaction. 


CH,CH=CH, 


(С) -осн,сн=сн, ж с 


73°, 
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Suggest mechanisms for the following reactions: 


О 


UNS | 
(а) benzene + ЕСН —> +>. benzaldehyde \C,H,CH 


(b) rbutylbenzene + Br; olen bromobenzene + propene 


Reaction of o-chlorotoluene with KNH, in liquid NH, yields a mixture of o- and 
т-СН:С,Н;МН, . The p-isomer is not observed. A similar reaction with p-chlorotoluene 
gives m- and p-CH C; H4NH», but not the o-isomer. Finally, m-chlorotoluene gives all 
three isomers. Write equations for these reactions (with intermediates). 


A compound С,Н;СІ was treated with HNO, and H5SO,. The products of this reaction 
were then treated with Fe and НСІ, followed by neutralization. The nmr spectrum of one 

of the products of this reaction is given in Figure 10.13. What is the structure of this 
component? What would be the structures of the other components of the product mixture? 


400 300 200 100 0 Hz 


8.0 


10.57. 


10.58. 


7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 ppm 


FIGURE 10.13. Nmr spectrum for Problem 10.56. 


A compound with the formula C,,;H,,O gives the nmr spectrum shown in Figure 10.14. Its 
infrared spectrum shows strong absorption at about 1750 cm~ ' (5.75 ит). What is the 
structure of the compound? 


One of the isomeric cresols (methylphenols) was treated with NaOH and iodomethane. The 
nmr spectrum of the product is shown in Figure 10.15. What are the structures of the cresol 
and the product? 
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TE 
у 


4 
5: 


FIGURE 10.14. Nmr spectrum for Problem 10.57. 


FIGURE 10.15. Nmr spectrum for Problem 10.58. 
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10.59, Upon treatment with HNO,, a monosubstituted aromatic compound yielded two isomeric 
products, А and B. Treatment of A with NaOH followed by СН, gave C. In an identical 
manner, compound B yielded compound D. The infrared spectra of A, B, C, and D are 
given in Figure 10.16. Reaction of C with Fe and HCI, followed by treatment with base, 
yielded E. Following this same procedure, compound D yielded compound F. The nmr 
spectra of E and F are given in Figure 10.17. What are the structures of the original | 
compound, А, B, C, D, E, and Е? 


Wavelength (um) 
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FIGURE 10.16. Infrared spectra for Problem 10.59. (continued) 
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Wavelength (um) 


100 2-5 3 4 5 6 7 8 9 10 12 E 

80 

2 

= 

= 

= 

Е 60 

= 

з 

= 40 

= 

z C 

È 

20 
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10025 3 4 5 6 7 8 9 10 122115 
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е 
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60 
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g^ 
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FIGURE 10.16 (continued). Infrared spectra for Problem 10.59. 
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500 400 300 200 100 0 Hz 


8.0 7.0 |. 6.0 in 1.59 4.0 3.0 2.0 1.0 .0 ppm 


FIGURE 10.17. Nmr spectra for Problem 10.59. 


СНАРТЕК 11 


Aldehydes and Ketones 


ldehydes and ketones are but two of many classes of organic compounds 

that contain carbonyl groups. A ketone has two alkyl (or aryl) groups attached 
to the carbonyl carbon, while an aldehyde has one alkyl (or aryl) group and one 
hydrogen attached to the carbonyl carbon. 


T i 
R—C—H or КСНО R—C—R or RCOR 


an aldehyde a ketone 
Other carbonyl compounds, such as carboxylic acids or esters, have electro- 
negative groups connected to the carbonyl carbon ; consequently, their chemistry 
is somewhat different from that of aldehydes and ketones. These other carbonyl 
compounds will be covered in later chapters. 


SECTION 11.1. 


Nomenclature of Aldehydes and Ketones 


In the IUPAC system, the name of an aldehyde is derived from the name of 
the parent alkane by changing the final -e to -al. No number is needed; the — CHO 
group always contains carbon 1. 


1 i i 
CH,CH н CH,CH=CHCH 


Cl 
IUPAC: ethanal 2-chloropropanal 2-butenal 
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Ketones are named by changing the -e of the alkane name to -one. A number 
is used where necessary: 


i 1 d 
(=o GH CCH- -CH CH, CH,CCH,CCH, 
IUPAC: cyclohexanone 2-pentanone 24-pentanedione 


Trivial names for the common aldehydes and ketones are widely used. 
Aldehydes are named after the parent carboxylic acids with the -oic acid or -ic acid 
ending changed to -a/dehyde. Table 11.1 lists a few examples. 

Propanone is usually called acetone, while the other simple ketones are some- 
times named by a functional-group name. The alkyl or aryl groups attached to the 
carbonyl group are named, then the word ketone is added: 


О 
| | | 
CH,CCH, ПЕСЕН (СНз), СНСС(СН,), 
IUPAC: propanone butanone 2,2.4-trimethyl-3-pentanone 
trivial: acetone methyl ethyl ketone isopropyl t-butyl ketone 


Other positions in a molecule in relation to the carbonyl group may be re- 
ferred to by Greek letters. The carbon adjacent to the C=O is called the alpha 
(х) carbon. The next carbon is beta (р), then gamma (y), delta (ô), and so forth, 
according to the Greek alphabet. Occasionally, omega (c), the last letter in the 
Greek alphabet, is used to designate the terminal carbon of a long chain, regardless 
of the actual length of the chain. The groups (or atoms) attached to an x carbon 
are called x groups; those attached to the В carbon are called f groups. 


TABLE 11.1. Trivial names for some carboxylic acids and aldehydes 


Carboxylic acid Aldehyde 
О О 
НСОН formic acid е formaldehyde 
| 
СН, СОН acetic acid CH,CH acetaldehyde 
O 
ан God propionic acid "— t propionaldehyde 
O O 
БН ПСИ bn butyric acid ЄН ОМ з butyraldehyde 
O О 


| | 
(сон benzoic acid (Осн benzaldehyde 
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О O O Br 
| | | | 
CH;CH;CH;.CH CH,CCH,CCH, CH,CHCHO 
| Ха = а [j-diketone an x-bromoaldehyde 
X X (uri 
| irbon 


О 
|] | | 
BICIDOELGH,GH.CCIH,  Br(GH;),.GGH, — BrCH34,0CH,GH; 


all are co-bromoketones 


The Greek-letter designations may be used in the trivial names of carbonyl 
compounds, but лог in the IUPAC names because this latter practice would be 
mixing two systems of nomenclature. 


О О 
| | 
CHCH CH SEDE 
Br 
IUPAC: 3-phenylpropanal 2-bromopropanal 
trivial: B-phenylpropionaldehyde x-bromopropionaldehyde 


SECTION 11.2. 


Preparation of Aldehydes and Ketones 


In the laboratory, the most common way of synthesizing a simple aldehyde or 
ketone is by the oxidation of an alcohol. Aryl ketones can be prepared by Friedel- 


Crafts acylation reactions. General equations for these reactions are shown in 
Table 11.2. 


|| 
CH4(CH;),CH;OH + Cr0,2N( ) оон) © 


]-heptanol heptanal 
9595 
CH; CH; 
o E Кеша 8 
и “он O 
CH,;CHCH, СН.СНСН, 
menthol menthone 
857; n 
О CCH, 
| AICI, 
p-\sopropyltoluene acetyl chloride 5-isopropyl-2-methylacetophenone 


3994 
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TABLE 11.2. Summary of laboratory syntheses of aldehydes and ketones? 


Reaction Section reference 
aldehydes: CIO 
RCH,OH ———— RCHO MBE 
pyridine 
1° alcohol 
i 
1) LiAIH[OC(CH 
peep cs Eee, а 133€ 
(2) HO 
acid chloride 
ketones: 2 
H;CrO, 
ROON ELA pM 7.13C 
2° alcohol 
O O 
] ыз | 
ВСС! m RCR" 13.3C 
acid chloride 


aryl ketones: 


O 
| AICI, || 
+ RCC] ——2 СВ 10.9Е 


* Polyfunctional aldehydes and ketones can be prepared by condensation and alkylation 
reactions, which will be discussed in Chapter 14. 


One of the more important aldehydes, formaldehyde, which is used as a 
reagent, as an olefactory desensitizer in wick deodorizers, and as a preservative 
for biological specimens, is a gas. However, it is conveniently shipped or stored 
in water solution (formalin = 37% formaldehyde and 7-15% methanol in Н,О) 
or as a solid polymer or trimer. Heating any one of these preparations yields the 
gaseous formaldehyde. 


formalin (HCHO + Н,О) ee E | 
`A D А в 
h 
CH, оо ое ооо "MEE 
paraformaldehyde heat methanal 


(formaldehyde) 


trioxane 
mp 62°С 


Acetaldehyde, with a boiling point near room temperature (20°), is also con- 
veniently stored or shipped ina cyclic trimer or tetramer form. Acetaldehyde is used 
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as an intermediate in industrial syntheses of acetic acid, acetic anhydride (Section 
13.4А). and other compounds. 


CH; 
GH, Ес CH, Gio 
Sof ef o `снсн, 
heat 
х О or CH3CH „О == а ЕС 
CH O—CH 
| | ethanal 
CH; cns (acetaldehyde) 
paraldehyde metaldehyde 
a sedative and hypnotic used as snail bait 
bp 125°C mp 246°C 
SECTION 11.3. 


The Carbonyl Group 


The carbonyl group consists of an sp? carbon atom joined to an oxygen atom 
by a sigma bond and by a pi bond. (See Figure 2.21, page 64, for the orbital 
picture.) The sigma bonds of the carbonyl group lie in a plane with bond angles of 
approximately 120? around the sp? carbon. The pi bond joining the C and the O 
lies above and below the plane of these sigma bonds. The carbonyl group is polar, 
the electrons in the sigma bond, and especially those in the pi bond, being drawn 
toward the electronegative oxygen. The oxygen of the carbonyl group has two 
pair of unshared valence electrons. All these structural features—the flatness, the 
pi bond, the polarity, and the unshared electrons—contribute to the reactivity of 
the carbonyl group. 


o°- О: unshared electrons 
IL. i 
д \ АША. 
H,C CH, H,C CH, 
и = 2.85 р 


Isolated carbon-carbon double bonds are nonpolar. For reaction. ап electro- 
phile is generally needed to attack the pi-bond electrons. However, the carbon- 
oxygen double bond is polar even without electrophilic attack. A carbonyl 
compound may be attacked either by a nucleophile or by an electrophile. 


ANA R. А 
„С=о: TER La MS 
R _ R ' E 
Nu 
Many reactions of carbonyl groups involve an initial protonation of the 


oxygen. This protonation enhances the positive charge of the carbonyl carbon so 
that this carbon 1s more easily attacked by weaker nucleophiles. 


O б—н :Ü—H 
$ s Ci | 


шонча) | С, „к= == 


resonance structures for 
a protonated carbonyl group 
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SECTION 11.4. 


Physical Properties of Aldehydes and Ketones 


The unique features of the carbonyl group influence the physical properties 
of the aldehydes and ketones. Because they are polar, and therefore undergo 
intermolecular dipole-dipole attractions, aldehydes and ketones have higher 
boiling points than nonpolar compounds of similar molecular weight (see Table 
11.3). To a limited extent, aldehydes and ketones can solvate ions (for example, 
Nal is soluble in acetone). 


m = 
GH;GHCH, CH,CCH, ©CH,CHCH, 


bp —12° bp 56° bp 82.5° 


Because of the unshared electrons on the oxygen, a carbonyl compound can 
undergo hydrogen bonding (but not with another carbonyl compound unless it 
has an acidic hydrogen available for hydrogen bonding). 


The result of this ability to form hydrogen bonds is that the aldehydes and 
ketones of low molecular weight, like alcohols, are soluble in water (Table 11.3). 


TABLE 11.3. Physical properties of some aldehydes and ketones 


Trivial name Structure Bp. °С Solubility in H,O 
aldehydes: 
formaldehyde HCHO —21 оо 
acetaldehyde СН.СНО 20 со 
propionaldehyde CH;CH;CHO 49 16 g/100 mL 
butyraldehyde CH;CH;CH;CHO 76 7 g/100 mL 
benzaldehyde C,H;CHO 178 slightly 
ketones: | 
|| 
acetone CH;CCH; 56 С 
j 
methyl ethyl ketone СН.ССН.СН, 80 26 g/100 mL 
о 1 
асеїорһепопе C,H;CCH, 202 insoluble 
O 


| 
benzophenone C.H;CC,H; 306 insoluble 
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However, since they cannot undergo hydrogen bonding with themselves, the 
boiling points are substantially lower than those of corresponding alcohols. 


SECTION 11.5. 


Spectral Properties of Aldehydes and Ketones 


A. Infrared spectra 


The infrared spectrum is useful in the detection of a carbonyl group in a ketone 
or an aldehyde. (Characteristic absorption bands are listed in Table 11.4.) How- 
ever, carbonyl groups are also found in other compounds (carboxylic acids, esters, 
and so forth). For this reason, the fact that a carbonyl group is present does not 
mean that an unknown is necessarily an aldehyde or a ketone. 


TABLE 11.4. Characteristic infrared absorption of aldehydes and ketones 


Position of absorption 


Type of vibration ст! ит 
aldehydes: 

C—H stretching of —CHO 2700-2900 3.45-3.7 

C=O stretching 1700-1740 5.7-5.9 
ketones: 

C=O stretching 1660-1750 5.7-6.0 


For aldehydes, corroborating evidence may be found in both the infrared 
and nmr spectra because of the unique absorption of the aldehyde hydrogen. 
Ketones, unfortunately, cannot be positively identified by spectral methods. The 
usual procedure is to eliminate the other carbonyl compounds as possibilities. If a 
carbonyl compound is not an aldehyde, carboxylic acid, ester, amide, etc., it is 
probably a ketone. 

The С=О absorption of both aldehydes and ketones appears somewhere 
near 1700 ст! (about 5.8 um). If the carbonyl group is in conjugation with a 
double bond or benzene ring, the position of absorption is shifted to a slightly 
lower frequency (about 1675 cm t, or 6 um, for ketones). Figure 11.1 shows the 
infrared spectra of cyclohexanone (nonconjugated) and 2-cyclohexen-1-one 
(conjugated). 

The CH stretching of the aldehyde group, which shows absorption just to the 
right of aliphatic CH absorption, is characteristic of an aldehyde. Usually two 
peaks are found in this region. The two CH peaks of the aldehyde are clearly 
evident in the spectrum of butanal in Figure 11.2, but the peak closer to the ali- 
phatic CH absorption is often obscured by that absorption. 


516 Chapter 11 Aldehydes and Ketones 


Wavelength (um) 
205 3 4 5 6 7 8 9 10 


80 


40 
(= 


4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 
Wavenumber (cm. ! ) 


a 
e 


Percent transmittance 


Wavelength (um) 


: 
metes 3 4 5 6 7 8 ө 10 
80 B 
2 
E 
E 
f 60 
Е 
RE 40 t 
& 
20 


4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 
Wavenumber (ст !) 


FIGURE 11.1. Inírared spectra of cyclohexanone and 2-cyclohexen-1-one, illustrating the 
slight shift of C=O absorption to lower frequency (longer wavelength) by 
conjugation. 
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FIGURE 11.2. Infrared spectrum of butanal. 
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STUDY PROBLEM 


Match the infrared spectrum in Figure 11.3 to one of the following structures: 
| | ji 
(а) C,H,CCH,CH, (D CH,(CH,),CH=CHCH (с) C,H&;CH;CH 


Wavelength (um) 
3 4 5 6 7 8 9 10 12 15 


3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (ст ! ) 


FIGURE 11.3. Infrared spectrum for Problem 11.1. 


B. Nmr spectra 


The electrons in a carbonyl group, like those in a double bond or an aromatic 
pi cloud, are set in motion by an external magnetic field. The resulting induced 
molecular field has a profound effect upon the nmr absorption of the aldehyde 
proton. You will recall from Section 8.7B that nmr absorption for an aldehyde 
proton is shifted far downfield (6 = 9-10 ppm, offset from the usual spectral 
range). This large shift arises from the additive effects of both anisotropic de- 
shielding by the pi electrons and inductive deshielding by the electropositive 
carbon of the carbonyl group. 

The x hydrogens of either aldehydes or ketones are not affected to sucha large 
extent by the carbonyl group. The nmr absorption for the x protons (ô = 2.1-2.6 
ppm) appears slightly downfield from that of other CH absorption (about 1.5 ppm) 
because of electron withdrawal by the electronegative oxygen atom. The effects of 
this deshielding by the inductive effect are evident in the nmr spectra of butanal 
(Figure 11.4) and 1-phenyl-2-propanone (Figure 11.5). In an aldehyde, the splitting 
of the aldehyde proton may sometimes be used to determine the number of х 
hydrogens. The spectrum of butanal shows a triplet for the —CHO proton, an 
indication of two x hydrogens. 


STUDY PROBLEM 


A compound with the molecular formula C;H4O has the nmr spectrum 
shown in Figure 11.6. What is the structure of this compound? 
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500 400 300 200 100 0 Hz 


д 
HCCH,CH,CH, 


8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 Оррт 


FIGURE 11.4. Nmr spectrum of butanal, showing the relative chemical shifts of x, Д, 
and y protons and the aldehyde proton 


500 400 300 200 100 0 Hz 


8.0 7.0 6.0 5.0 |. 40 3.0 2.0 1.0 0 ppm 


FIGURE 11.5. Nmr spectrum of 1-phenyl-2-propanone. 
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500 400 300 200 100 0 Hz 


8.0 ^ 70 6.0 50 X 40 ET О. a ct 


FIGURE 11.6. Nmr spectrum for Problem 11.2. 


SECTION 11.6. 


Addition of Reagents to the Carbonyl Group 


The focal point of reactivity in aldehydes and ketones is the pi bond of the car- 
bonyl group. Like alkenes, aldehydes and ketones undergo addition of reagents 


to the pi bond. 
О OH 
General R—C—R Se SS R—C—R 
Nu 
"b OH 
сн,—б—сн, вт == сн,—с—сн, 
OH 
a hydrate 
О OH 
я mU Ее 
OCH, 
a hemiketal 
OH 


о 
diis: | 


CN 


a cyanohydrin 
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The relative reactivities of aldehydes and ketones in addition reactions may 
be attributed partly to the amount of positive charge on the carbonyl carbon. A 
greater positive charge means a higher reactivity. If this partial positive charge is 
dispersed throughout the molecule, then the carbonyl compound is more stable and 
less reactive. 

The carbonyl group 1 stabilized by adjacent alkyl groups, which are electron- 
releasing. A ketone, with two R groups, is about 7 kcal/mole more stable than an 
aldehyde, with only one R group. Formaldehyde, with no alkyl groups, is the most 
reactive of the aldehydes and ketones. 


О О О 
| | | 
= СН) He Ga 
a ketone an aldehyde formaldehyde 
increasing reactivity 


SAMPLE PROBLEM 


List the following aldehydes in terms of increasing reactivity: CH4CHO, 
CICH;CHO, СІ,СНСНО, Cl,CCHO. 


Solution: Cl is electron-withdrawing. The carbonyl carbon becomes increasingly 
positive and increasingly reactive as more C] atoms are added to the x carbon. 
Therefore, the order of reactivity is as already shown, with CH,CHO being the 
least reactive and Cl,CCHO being the most reactive. 


ан = GHO ое eno 


stabilized destabilized 


Steric factors also play a role in the relative reactivities of aldehydes and 
ketones. Ап addition reaction of the carbonyl group leads to an increase in steric 
hindrance around the carbonyl carbon. 


sp? less hindered sp?. more hindered 
О OH 
|| Ht | 
pom + CH;CH;OH = оа 
К К OCH,CH, 


Bulky groups around the carbonyl group lead to more steric hindrance in 
the product (and in the transition state). The product is of higher energy because of 
steric repulsions. A more hindered ketone 15 therefore less reactive than an aldehyde 
or a less hindered ketone. The lack of steric hindrance is another reason that 
formaldehyde is more reactive than other aldehydes. 


[| [| 
CH,CH,CH,CCH,CH,  CH,CH,CH,CCH,  CH,CH,CH,CH 


an ethyl ketone a methyl ketone an aldehyde 


increasing reactivity 
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STUDY PROBLEM 


11.3. An aldehyde or ketone undergoes a reversible acid-catalyzed reaction with 
ethanol, as shown in the preceding equation. А series of compounds is treated 
with ethanol and a trace of H,SO,. and the reaction mixtures are allowed to 
come to equilibrium. Of each of the following pairs of compounds, which 
compound vields the greater percentage of addition product in the equilibrium 
mixture? 


(a) 3-pentanone ог cyclopentanone 

(b) 2-pentanone or 3-pentanone 

(c) 2-pentanone ог pentanal 

(d) 2-chlorocyclopentanone or 2-methylcyclopentanone 


SECTION 11.7. 


Reaction with Water 


Water can add to a carbonyl group to form a 1,1-diol, called a gem-diol, or hydrate. 
The reaction is reversible, and the equilibrium generally lies on the carbonyl side. 


О ОН 


[| | 
ОО == Н.о =>” СН 0155 
acetone е 
a hydrate 
Stable hydrates are known, but they are the exception rather than the rule. 
Chloral hydrate (a hypnotic and chief ingredient of the “Mickey Finn”) is an 


example of a stable hydrate. Formalin also contains a stable hydrate of formal- 
dehyde. 


О 


ll 
CHCCH 3 Н.О ———* ChCCH(OH) 


chloral chloral hydrate 


О 


[ 
HCH + H,O > ==> HGH(OH), 


formaldehyde in formalin 


Both formaldehyde and chloral are more reactive than most other aldehydes 
or ketones because the carbonyl carbon in each has a fairly large amount of positive 
charge. In formaldehyde, there are no alkyl groups to help disperse the positive 
charge. In chloral, the strongly electron-withdrawing Cl,C— group enhances the 
positive charge by removing electron density. 

Let us compare the equilibrium constants for the hydration reactions of 
chloral (with a more positive carbonyl carbon) and acetone (with the positive 
charge more dispersed). The equilibrium constants differ by a factor of 105! 
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| ie 
GlccH + во = С sb 
| [Cl;CCHO][H,O] 
OH 
i т 
H H); 
CH&GCH; + H,O CH,CCH, К = ССНЗС(ОН)СНЈ _ 9.002 
| [CH;COCH,][H;0] 
OH 
STUDY PROBLEM 
11.4. Which of the following compounds would you predict to form stable hydrates? 
Explain. 
О 


|] 
(а) СЬСССС, ҚЫ) {о (с) CH,CHO 


SECTION 11.8. 
Reaction with Alcohols 


Like water, an alcohol can add to a carbonyl group. In most cases, the equilibrium 
lies on the aldehyde or ketone side of the equation, just as in the reaction with 
water. 

The product of addition of one molecule of an alcohol to an aldehyde is called 
a hemiacetal, while the product of addition of two molecules of alcohol (with the 
loss of H,O) is called an acetal. (Hemiketal and ketal are the corresponding terms 
used for ketone products.) All these reactions are catalyzed by a trace of strong 


acid. 
General: 
i Eos OR 5 ш 
RCH PEL = RCH == RCH + Н.О 
an aldehyde OH А. 
и hemiacetal an acetal 
(OH and OR on C) (two ORS on C) 
n єн шон: OCH;CH; CH;CH;OH. iilii ig 
CH;CH ————"—s—s GHGH i + H,O 
acetaldehyde m OCH.CH, 


a hemiacetal 


an acetal 
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SAMPLE PROBLEM 


Grve the structures of the organic compounds present m a methanol solution of 
cyclohexanone that contains à trace of НСІ. 


Solution: 
М CH,OH T CHOH, ` 
22 кү y— ОН, “чү: р СН, 
í ЕЕ О E * / as Md /\ 
— — OH OCH, 


hemiketal ketal 


STUDY PROBLEMS 


11.5. Which of the following structures contains a hemiacetal or hemiketal group, and 
which contains an acetal or ketal group? Circle and identify each group. 


OH 
on о | 

(а) СХ (b) СХ 1 (с) {_)—оснсн, 
OCH,CH,OH О 


11.6. Give the structures of the alcohol and the aldehyde or ketone that are needed to 
prepare each of the compounds shown in the preceding problem. 


The mechanism for the reversible reactions of aldehydes or ketones with 
alcohols is typical of the mechanisms for many acid-catalyzed addition reactions of 
carbonyl compounds: a series of protonations and deprotonations of oxygen- 
containing groups. 


Protonation: 


an ores aa 
б: OH :ÓH 
l ч "i | 
RCH +H* К |RCH «+» RCH 


an aldehyde resonance structures for 
a protonated aldehyde 


Attack of R'OH 


a vi 
.. =H 
R—C—H | + КОН вс = ВСН 


| | 
E Ea HOR’ OR 
a protonated a hemiacetal 
hemiacetal 


In the mechanism for acetal formation from the hemiacetal, again proton- 
ation and deprotonation, along with loss of water, are the major reaction steps. 
Acetal formation from a hemiacetal is therefore a two-step substitution of an OR 
group for an OH group. 
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Protonation and loss of water 


:ÓH н, 

| н: * | -H;O + 

R-C-H ue R-C—H zm inni 
OR OR OR 


a hemiacetal a carbocation 


Attack of R'OH: 


HOR’ ОК’ 
+ ROH —H* | 
p= ee шй pama ree EXE 
OR OR OR 
an acetal 


STUDY PROBLEM 


11.7. Anintermediate in the formation of an acetal is a carbocation. Would you expect 
this hemiacetal carbocation to be more or less stabilized than a comparable alkyl 
carbocation? Why? 


R-C-H versus R-C-H 
a 


In the equilibrium between an aldehyde, a hemiacetal, and an acetal, the 
aldehyde is generally favored. In an equilibrium mixture, we would usually 
find a large amount of aldehyde and only small amounts of hemiacetal and 
acetal. There is one important exception to this generality. A molecule that has 
an OH group y or 6 (1,4 or 1,5) to an aldehyde or ketone carbonyl group undergoes 
an intramolecular reaction to form a five- or six-membered hemiacetal ring. 
These cyclic hemiacetals are favored over the open-chain aldehyde forms. 


5 —— the hemiacetal 
H,C— OH. HPG O - 
x С x iH H* Z x carbon has OH 
4 CH; С = СН, СНОН ind OR 
М С NG х [i € 
H,C— CH, О. H;C—CH, 


favored 


The reason that cyclic hemiacetals are important is that glucose and other 
sugars contain hydroxyl groups y and д to carbonyl groups; sugars, therefore, form 
cyclic hemiacetals in water solution. This topic will be discussed in Section 18.4. 


CH,OH CH,OH 
H CHOH О the hemiacetal 
\ oH H Р. ee carbon 
© | E SS хаах ОН 
HO pM О НО H 
| | 
н OH єл 
favored 
glucose 


a sugar 
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STUDY PROBLEM 


Predict the cyclic hemiacetal or hemiketal products in water solutions of 
(a) 5-hydroxy-2-hexanone. and (Ы) 1.3.4,5,6-pentahydroxy-2-hexanone. [Опе 
stereoisomer of (b) is fructose, or grape sugar.] 


In most cases, a hemiacetal cannot be isolated. Acetals, however, are stable 
in nonacidic solution and can be isolated. (In acidic solution, of course, they are in 
equilibrium with their aldehydes.) If an acetal is the desired product from reaction 
of an aldehyde and an alcohol, an excess of alcohol is used to drive the series of 
reaction steps to that product. Removing water as it is formed also helps drive the 
reversible reactions to the acetal side. Best results in this type of reaction are ob- 
tained when the acetal 1$ cyclic: 


т О 
| B 206 
CH;CH + HOCH;CH;OH =—- е | - HO 
acetaldehyde 1,2-ethanediol OF 
(ethylene glycol) a cyclic acetal 


A blocking group is a group used to prevent a functional group from reacting 
while a reaction is carried out on another part of the molecule. A blocking group 
must be inert to the desired reaction, yet must be easy to remove when the desired 
reaction is completed. If a desired reaction can be carried out under alkaline con- 
ditions, acetals and ketals are effective blocking groups for aldehydes and ketones. 
For example, by blocking an aldehyde group as an acetal, we can oxidize a double 
bond in the same molecule without oxidizing the aldehyde to a carboxylic acid. 


Blocking: 


|| HOCH; H* yO ms 
CH,=CHCH + | кет==” (бү — 0 ОИЕ 0 
НОСН, No CH: 


propenal 
(acrolein) an acetal 


Oxidation of double bond and regeneration of aldehyde 


Ory во онон о 


~ MnO, OH d | 2 H,O. H* | 
CH;—CHCH ae pi CH;,CH—CH = CH,CH—CH 
О О 2.3-dihydroxypropanal 


(glyceraldehyde) 


SECTION 11.9. 


Reaction with Hydrogen Cyanide 


Hydrogen cyanide (bp 26^) can be considered to be either a gas or a low-boiling 
liquid. In normal laboratory operations, it is used as a gas, but by use of a special 
apparatus it can be used as a liquid (and, in some cases, even as a solvent). Often, 
HCN is generated directly in a reaction mixture from KCN or NaCN and a 
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strong acid. Hydrogen cyanide is toxic and is particularly insidious because the 
human nose can detect its odor only at levels that may be lethal. 

Like water and alcohols, hydrogen cyanide can add to the carbonyl group 
of an aldehyde or a ketone. The product in either case is referred to as a cyanohydrin. 


O OH 
| 
Genera ЁС Re CN eR I. 
an aldehyde CN 
or ketone a cyanohydrin 
О: :ÓH 
was 


| 
CH,CH PHEN ——— CH,CH—CN 
Mg 


acetaldehyde cyanohydrin 


acetaldehyde 
TES 


Hydrogen cyanide (pK, = 9.3) is too weak an acid to add directly to a car- 
bonyl group. Successful addition requires slightly alkaline reaction conditions. In 
this way, the concentration of cyanide 1оп is increased, and addition proceeds by 
nucleophilic attack of CN” upon the carbonyl group. Although weak nucleophiles 
(such as H5O and ROH) require acid catalysis to add to the carbonyl group, the 
strongly nucleophilic СМ” does not require a catalyst. 


HCN: +:ОН- === H,O +:CN: 


d ii :OH 
| | HCN 
R—C—H' — ВСН => R—C—H+CN 


UCN: CN: CN: 
Cyanohydrins are useful synthetic intermediates. For example, the CN 


group can be hydrolyzed to a carboxyl group, or it can be reduced to a CH; NH; 
group. (Reactions of the CN group will be discussed in Chapter 13.) 


© 
OH H,0. H> (CH43),CCO;H 
(CH) ES, 2-hydroxy-2-methylpropanoic acid 
A: hvdri um an x-hydroxy acid 
acetone cyanohydrin 
a 
(CH,),;CCH,NH, 


l-amino-2-methyl-2-propanol 


а В-атто alcohol 


The millipede (Apheloria corrigata) carries its own poison-gas generator in 
the form of mandelonitrile, a cyanohydrin stored in its defensive glands. When 
the millipede is attacked, the cyanohydrin is mixed with an enzyme that causes a 
rapid dissociation to a mixture of benzaldehyde and HCN, which is squirted on the 


nm—— 


MEME л ee 
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predator to ward off the attack. A single millipede can emit enough HCN to killa 
mouse! It is interesting to note that mandelonitrile, benzaldehyde, and HCN all 
have the odor of bitter almonds, despite their disparity in structure. 


0" | 
C,H,CHCN ==> ë CHCH + НСМ 
mandelonitrile benzaldehyde 


In plants of the genus Prunus (which includes plums, apricots, cherries, and 
peaches). cyanohydrins are biosynthesized and stored as sugar derivatives in the 
kernels of the pits. Amygdalin and laetrile are the best known of these cyano- 
hydrins. (These two compounds are closely related structurally; indeed, amygdalin 
is often sold as laetrile.) Because these cyanohydrins can be hydrolyzed enzy- 
matically to HCN, the pits of cherries and other Prunus species should not be 
eaten in quantity. 


glucose glucuronic acid 
Y | 
О==СИН; ia | COH 9 
“О, OCH C,H, \ О} OCH C,H; 
OH OH 
OH HO HO 
OH OH 
amygdalin laetrile 


(^ laevorotatory glycosidic nurile") 


STUDY PROBLEMS 
Suggest a synthesis for lactic acid, CH4CH(OH)CO;H, from ethanol and HCN. 


Aldehydes and nonhindered ketones (primarily methyl ketones) yield 
water-soluble bisulfite addition products when treated with concentrated, 
aqueous sodium bisulfite. 


О Fidi 
БОН S04. Ма’ 
bisulfite addition product 


[| 
RCH + Na* -SO,H 


This reaction is sometimes used to separate an aldehyde or ketone from 
water-insoluble organic compounds. (The aldehyde or ketone can be regenerated 
by treatment of the aqueous bisulfite solution with acid or base.) 


(a) Suggest a mechanism for the formation of the bisulfite addition product of 
acetaldehyde. 

(b) Explain how the following compounds (in a diethyl ether solution) could be 
separated from one another by a series of extractions: heptanoic acid, 
4-heptanone. and heptanal. 
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SECTION 11.10. 


Reaction with Ammonia and Amines 


А. [mines 


Ammonia is a nucleophile and, like other nucleophiles, can attack the carbon 
of the carbonyl group of either an aldehyde or a ketone. The reaction is catalyzed 
by a trace of acid. For the moment, we may view the first step in the reaction as а 
simple addition of ammonia across the carbonyl group. The product of the 
addition is unstable and eliminates water to form an imine, a compound that 
contains the C=N grouping. 
О | OH | 
| H* | =н о 
RCH + H—NH, = [|RCH—NH,| == RCH=NH 
== an imine 
Unsubstituted imines formed from NH, are unstable and polymerize on 
standing. However, if a primary amine (RNH,) is used instead of ammonia, a more 
stable, substituted imine (sometimes called a Schiff base) is formed. Aromatic 


aldehydes (such as benzaldehyde) or arylamines (such as aniline) give the most 
stable imines, but other aldehydes, ketones, or primary amines may be used. 


О ОН 
| н | = И 
acetaldehyde aniline Nu-( an imine 
но 
О -H;NCH(CH,, = МСН(СН,), 
cyclopentanone isopropylamine an imine 


The mechanism for imine formation is essentially a two-step process. The 
first step is the addition of the nucleophile amine to the partially positive carbonyl 
carbon, followed by the loss of a proton from the nitrogen and the gain of a proton 
by the oxygen. 


Step 1, addition: 


eo: 2 id 
f fast 

RCR + ВМН, =“ RCR === RCR 

R/NH, R'NH 


Step 2 is the protonation of the OH group, which then can be lost as water in an 
elimination reaction. 


Step 2, elimination: 


:OH H* Qa SEO -H* 


fast slow 


| + fast bo 
ROG C К.С NHR’ = R,C=NHR’ == R,C=NR’ 


the imine 


11.11. 


Ft 


11.13. 
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This tvpe of two-step reaction is often referred to as an addition-elimination 
reaction. 

Imine formation is a reaction that is pH-dependent. Why? Consider the two 
steps in the mechanism. The first step is the addition of the free, nonprotonated 
amine to the carbonyl group. If the solution is too acidic, the concentration of the 
amine becomes negligible. If this happens, the usually fast addition step becomes 
slow and actually becomes the rate-determining step in the sequence. 


n 


n ac*g 


LL пог nucleophilic 
ee A 
RNH. + H^ = RNH;' 


The second step in the reaction is the elimination of the protonated OH 
group as water. Unlike the first step (amine addition), the rate of the second step 
increases with increasing acid concentration. (Remember, ОН” is a strong base 
and a poor leaving group. while —ОН,” can leave as the weak base and good 
leaving group Н,О.) Consequently, an increase in acidity causes Step 2 to go faster, 
but Step | to go slower. Conversely, decreasing acidity causes Step 1 to go faster, 
but Step 2 to go slower. 

In between these two extremes is the optimum pH (about pH 3-4), at which 
the rate of the overall reaction is greatest. At this pH, some of the amine is proto- 
nated, but some is free to initiate the nucleophilic addition. At this pH, too, enough 
acid is present so that elimination can proceed at a reasonable rate. 


STUDY PROBLEMS 


Why does an arylamine yield a more stable imine than isopropylamine? 


What is the geometry of CH, CH=NCH;? Would you expect this compound to 
have any stereoisomeric forms? 


How would you prepare each of the following imines from a carbonyl compound? 


(a) { )—сн=хснусн, (b) сн. (С) н (С) 
NH 
© сн (С), (d) 


B. Biological transamination 


Imines are important intermediates in the biosynthesis of a-amino acids, 
RCH(NH,)CO3H, which are used by an organism in the synthesis of proteins. If a 
diet does not contain the required proportions of necessary amino acids, an 
organism can, in some cases, convert an unneeded amino acid to a desired amino 
acid in a transamination reaction. The process involves the transfer of an amino 
group from the unneeded amino acid to a keto acid. 
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Transamination 


CO,H _ СО»,Н | CO,H CO,H 
transaminase | 
enzymes 


See + аш үа is 


R Re R R' 
old old new new 
| 
amino acid keto acid keto acid amino acid 
The reaction is thought to proceed through a series of imine intermediates: 
R CO,H R CO,H R [oat COH 
-H,0 н.о 
CHO +H,NCH == = cu ыл <= СН,МН, + С=О 
| 
enzyme-bound 
aldehyde Ls R R R 


old 
amino acid 


new 


keto acid 
R CO;H | Ten R CO,H R СО,Н 
—H;O HO 
CH,NH, + с=0 = CH,N-C = CH=NCH === Тено + HNCH 
В’ В’ R’ R’ | 
old new 
keto acid amino acid 


C. Епатіпеѕ 


With primary amines, aldehydes and ketones yield imines. With secondary 
amines (R; NH), aldehydes and ketones yield iminium ions, which undergo further 
reaction to enamines (vinylamines). The enamine is formed by loss of a proton 
from a carbon atom В to the nitrogen, which results in a double bond between the 
x and В carbon atoms. Enamines are useful synthetic intermediates. You will 
encounter them again in Chapter 14. 

double bond 


» between x and 


В carbons 


О H* H 
|| -Hio. ПЕ (с. -H* Е 
СН.СН + (CH4);NH : CH ,—CH=N(CH,)| === СНн,=СНн\М(СН)), 
dimethylamine an iminium ion an enamine 
a 2? amine 


STUDY PROBLEMS 


11.14. Predict the product of the reaction of cyclohexanone with: 


(a) CH3NH, (b) (CH3),NH (c) NH 


11.15. Predict the enamine product of the following reaction: 


О H7 
O eO = 
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SECTION 11.11. 


Reaction with Hydrazine and Related Compounds 


Imines are easily hydrolyzed (cleaved by water). The initial step of hydrolysis 
is protonation of the imine nitrogen. If an electronegative group is attached to the 
imine nitrogen, the basicity of the nitrogen is reduced and the hydrolysis is sup- 


pressed. 
EG LEG H г Н.С 
= ow ей aN 
C=N LM Е C=N ЕЕ C—O + NH, 
^ AS и N А 
НАС H H;C H Н.С 
ап тите Н.О 
НС Spe EE H;C H 
“= = c= 
CSN P = 
of XY А х 
H,C NH; Н,С МН, 
E 
electron-wuhdraw 119 not favored 


Imine-type products formed from aldehydes or ketones and a nitrogen com- 
pound of the type Н,М— NH, or H,N—OH (reagents with an electronegative 
group attached to the N) are quite stable. Table 11.5 lists the variety of nitrogen 


TABLE 11.5. Some nitrogen compounds that form stable substitution products with 
aldehydes and ketones 


Name Structure Product with RCHO 
hydroxylamine HONH, RCH=NOH 

an oxime 
hydrazine H,NNH, RCH=NNH, 


a hydrazone 


phenylhydrazine e 5 RCH=NNHC,H, 


a phenylhydrazone 


2 NO, 


NO 
2,4-dinitro- ол—({ Сў—чннн, неми (С) о, 
phenylhydrazine 
O 


a 2,4-dinitrophenylhydrazone 
О 
Lr ] I 
semicarbazide H;NNHCNH,; RCH=NNHCNH, 


a semicarbazone 
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compounds that undergo reaction with aldehydes and most ketones to form stable 
imine-type products. 


Н.С тке 
x Н? ~ 
,С=О + H;NNH; = „СЕММН, + HO 
Н.С hydrazine Н.С 
acetone acetone hydrazone 
nbi 
О НН. == NNHC,H, + H,O 
cyclopentanone phenylhydrazine cyclopentanone 


phenylhydrazone 


The hydrazones and other products listed in Table 11.5, especially the high- 
molecular-weight 2,4-dinitrophenylhydrazones, or DNP’s, are generally solids. 
Before the wide use of spectrometers, these derivatives were used extensively for 
identification purposes. A liquid ketone of unknown structure could be converted 
to the solid DNP, purified by crystallization, and its melting point compared to 
those of DNP's of known structure. 


STUDY PROBLEM 


11.16. Predict the product of the reaction of: (а) butanone with semicarbazide: 
(b) cyclohexanone with 2,4-dinitrophenylhydrazine; and (c) acetophenone 
(Cg,H;COCH;) with hydrazine. 


SECTION 11.12. 
The Wittig Reaction - 


In 1954, George Wittig reported a general synthesis of alkenes from carbonyl 
compounds using phosphonium ylids. This synthesis is called the Wittig reaction. 


y^ from the ylid 


R R j 
20: (EIS) с^ = A YP—(O:- 
Pa (C;H 5); P— x ЕЕ и E + (C;Hj4P—-O: 
R R' R RE 
Idehyd hosphoni lid 1 Р 
A et ои unb") an alkene triphenylphosphine 


oxide 


An ylid, or ylide, is a molecule with adjacent + and — charges (see the fol- 
lowing resonance structures). An ylid is formed by removal of a proton from the 
carbon adjacent to a positively charged heteroatom (such as P*, S*, or N^). The 
phosphonium ylid for a Wittig reaction is prepared by (1) nucleophilic substitution 
(S42) of an alkyl halide with a tertiary phosphine, such as triphenylphosphine (а 
good nucleophile, a weak base), and (2) treatment with base, a reaction in which 
the intermediate phosphonium ion eliminates a proton to form the ylid. 
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LESS 
СН: + 


€ 
triphenylphosphine R 


— + | 
PE -———— UNUS 


R H 
| OCH;CH, 

a 
| 


а phosphonium ion 


(Cx 
СООО ph GR > (С„Н;),Р=СК', 
Оча шо en a ш=-——— аЬ а 
resonance structures [or the ylid 


The Wittig reaction is versatile. The alkyl halide used to prepare the ylid may 
be methyl. primary. or secondary, but not tertiary (why not?). The halide may 
also contain other functionality, such as double bonds or alkoxyl groups. The 
product of the Wittig reaction is an alkene with the double bond in the desired 
position, even if it is not the most stable alkene. Yields are generally good (about 
70%). Unfortunately, it is sometimes difficult to predict whether the cis or the 
trans product will predominate in a particular reaction. 


( yo SESSEL КОКО E (ccnp: аР (С,Н;)3Р—0- 


cyclohexanone isopropylidene- 
cyclohexane 
O 
| E 
(Сў)—сн+‹с,ну›=сн, — {О)у-снеси, +с,нә„ё—о- 
benzaldehyde styrene 
O 


ll » 
ОШ @ СШ, =¢C,H.),P=GHCH=CH, ———9 (CH,)sC=GHCH=CH, + (C,H.);P—O7 


acetone 4-methyl-1,3-pentadiene 


The mechanism of the Wittig reaction is still being investigated. A currently 
accepted theory is that the carbonyl group undergoes nucleophilic attack by the 
negative carbon of the ylid. 

„аш =ч carbon 
(C,HjP— CR, *—— (CH) РСК, 
ы 


resonance structures 


Addition to carbonyl 


R R 

EON | 
ее < mnn 
ch 1 j 

Q: Р(СьН5)з :О: РСН) 


а betaine 


The addition product of the ylid and an aldehyde or ketone is а betaine (a 
molecule having nonadjacent opposite charges). The betaine undergoes elimination 
of triphenylphosphine oxide to form the alkene. 


Etimination to alkene 
XY at асаа ч АС HP, 
ТО: О Р(С,Н 
e xi eH 5)3 
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STUDY PROBLEMS 


(a) Suggest a Wittig reaction for the synthesis of methylenecyclohexane. 
(b) What product would you obtain if you tried to make this compound by the 
dehydration of 1-methyl-1-cyclohexanol? 


Open 


methylenecyclohexane 


What organic halide and what carbonyl compound would you use to prepare 
each of the following compounds by a Wittig reaction? 


SECTION 11.13. 


Reaction with Grignard Reagents 


The reaction of a Grignard reagent with a carbonyl compound is another example 
of a nucleophilic addition to the positive carbon of a carbonyl group. 
m ius Mgl 
| po War | 
NGC с 
ee’ 


Reaction of a Grignard reagent with an aldehyde or a ketone provides an 
excellent method for the synthesis of alcohols and was discussed in that context 
earlier (Sections 6.9 and 7.4B). The reaction sequence consists of two separate 
steps: (1) the reaction of the Grignard reagent with the carbonyl compound, and 
(2) hydrolysis of the resulting magnesium alkoxide to yield the alcohol. Recall that 
the Grignard reaction of formaldehyde yields a primary alcohol; other aldehydes 
yield secondary alcohols; and ketones yield tertiary alcohols. 


OMgX 

Heo iem ЗОН, IROBMSOH жу 
К 
OMgX OH 

Куех (BER Шын Шен, eed P dicphol 

R 

о OMgX он 

л Ии = шаш. с 
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SAMPLE PROBLEMS 


Suggest two synthetic routes to 2-butanol from an aldehyde or ketone and a 
Grignard reagent. 


Solution: In the synthesis of 2-butanol, either (1) CH,MgX and CH,CH,CHO 
may be used, or (2) CH;CH,MgX and CH4,CHO may be used. In the 
laboratory, the choice would depend on a number of factors, including 
availability and cost of the appropriate alkyl halides and aldehydes. 


OH 
| 
CH, CHCH.CH, 


S 


from CH,MgI Пот HCCH;CH, 


он 
CH,CH сн‚сн; 


ae 


|] 
from CH;CH from BrMgCH,CH, 


The two sequencesto 2-butanol: 


(1) CH;Mgl 
DUI (2) H,O. H+ 
OH 
CH;CHCH,CH, 
(1) CH,CH,MgBr / 
CH;CHO (2) H,O, H* 


Suggest three different Grignard reactions leading to 2-phenyl-2-butanol. 


Solution: 


|] 
(1) CH,CCH,CH, 


1 I 
(1) C;H.MgBr (2) H,0. H* 


9 OH 


|] 
(1) C;SH,CCH;CH; 


2) CH,Mgl 
o ois (2) H,O, H* 


| 
С сн: 


" CH 


ll 
(1) C,H.CCH, 


a MER (2) HO. H* 
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STUDY PROBLEMS 


11.19. What Grignard reagent would you use to effect the following conversions? 
(a) formaldehyde to benzyl alcohol; (b)cyclohexanone to 
1-propyl-1-cyclohexanol. 


11.20. Which of the following compounds could not be used as a carbonyl starting 
material in a Grignard synthesis? (Hint: See Section 6.11.) 


OF о о О | 
| | | 
(а) CH,CHCH,CH (b) CH,CCH,COH (с) C,H,CH,CH,CH 


1 | 1 


SECTION 11.14. 


Reduction of Aldehydes and Ketones 


An aldehyde or a ketone can be reduced to an alcohol, a hydrocarbon, or an 
amine. The product of the reduction depends on the reducing agent and on the 
structure of the carbonyl compound. 


d 
H;. Pt or 
metal hydride [MIR 
О an alcohol 
| + ак. 
(1) МН,МН,, (2) К OC(CH 
RCR SD ENE NOSE RCH;R 
MUS or Zn/Hg + НС 
GARE an alkane 
N F | 
NH H 
m RCHR | 
ап атїпе 


A. Hydrogenation 


The pi bond of a carbonyl group can undergo catalytic hydrogenation, just as 
can the pi bond in an alkene. Alkenes can be hydrogenated at low pressure and 
at room temperature; for the hydrogenation of a carbonyl group, heat and 
pressure are usually required. A ketone is reduced to a secondary alcohol by 
catalytic hydrogenation, while an aldehyde yields a primary alcohol. Yields are 
excellent (90-100%). 


Ni OH 
Cp? ER 29, 
50°, 65 atm Y 


cyclohexanone cyclohexanol 
a ketone a 2? alcohol 
| Ni 
CHCH +H, pue СН.СН.ОН 
acetaldehyde ethanol 
an aldehyde a 1° alcohol 
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STUDY PROBLEM 


11.21. 2-Heptanol can be obtained by two Grignard reactions as well as by a 
hydrogenation reaction. Write the equations for the three sets of reactions that 
would lead to this alcohol. 


If both a double bond and a carbonyl group are present in a structure, the 
double bond may be hydrogenated, leaving the carbonyl intact, or both may be 
hydrogenated. However, the carbonyl group cannot be hydrogenated indepen- 
dently of the double bond. If it is desired to reduce a carbonyl group while leaving 
a double bond intact, a metal hydride reduction is the method of choice. 


C=C reduced! but not C=O 
т О 
| ' ll 
CH;CH-CHCH;:CH + H, = CH;CH;CH;CH.CH 


3-pentenal pentanal 


C=C and C=O reduced 


Ni 


СН.СН=СНСН.СН + 2 Н, CH;CH,CH,CH;CH,OH 
heat. pressure 


3-pentenal l-pentanol 


B. Metal hydrides 


Hydrogen gas is inexpensive on a molar basis: however, a hydrogenation reaction 
is rather inconvenient. The apparatus usuallv consists of gas tanks and a metal 
pressure vessel. An alternative reduction procedure involves the use of a metal 
hydride. Two valuable reducing agents are lithium aluminum hydride (often 
abbreviated LAH) and sodium borohydride, both of which reduce aldehydes and 
ketones to alcohols. 


| 
Li^ H—AI—H bh рц 
H H 
lithium aluminum hydride sodium borohydride 
no 
1) LiAIH, 
= CH,CH,CHCH, 
(2) HO 
2-butanol 
| 80°. 
CH;CH;CCH; 
butanone ad 
(1) NaBH, 
— "onm aano; 
(2) HO. Н 
87° 


These two metal hydrides аге quite different in their reactivities. LAH is a 
powerful reducing agent that reduces not only aldehydes and ketones, but also 
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carboxylic acids, esters, amides, and nitriles. LAH undergoes violent reaction with 
water; reductions are usually carried out in a solvent such as anhydrous ether. 

Sodium borohydride isa milder reducing agent than LAH. Its reactions can be 
carried out in water or aqueous alcohol as the solvent. For the reduction of an 
aldehyde or ketone, NaBH, is the preferred reagent; it is certainly more convenient 
to use because of its lack of reactivity toward water. While NaBH, reduces alde- 
hydes and ketones rapidly, it reduces esters very slowly. Therefore, an aldehyde 
or ketone carbonyl group can be reduced without the simultaneous reduction ofan 
ester group in the same molecule. This selectivity is not possible with LAH. 


„ester not reduced 
/ OH 
(1) NaBH, 

HGCHJGH,COGH,CH, == 


| | 
— GCH,CH,CH,GOCH;CH, 
(2) HO. H 


Neither NaBH, nor LAH reduces isolated carbon-carbon double bonds, 
but C=C in conjugation with a carbonyl group is sometimes attacked. Con- 
sequently, a structure that contains both a double bond and a carbonyl group 
can often be reduced selectively at the carbonyl position. In this respect, the metal 
hydrides are complementary to hydrogen gas as reducing agents. 


C=O reduced ‘but not C=C 


О 
| (1) NaBH, 
СН.СНЕСНСН.СН -ypo CH;CH—CHCH;CH,0H 


3-pentenal 3-penten-1-ol 


Diisobutylaluminum hydride (ОВАН), [(CH43);CHCH; |], МН, is a newer, 
but popular. metal hydride reducing agent that is similar to LAH in reducing 
power. Besides reducing aldehydes or ketones to alcohols, DBAH reduces 
carboxylic acids and esters to aldehydes or alcohols (depending on the reaction 
conditions). DBAH can also reduce isolated carbon-carbon double bonds. Other 
hydrides that have specialized reducing activity are also available; for example, 
see Section 13.3C. 


STUDY PROBLEMS 


Show how each of the following alcohols could be prepared by the NaBH, 
reduction of an aldehyde or ketone: 


ian 
(a CH;CH;CH;OH (b) { он (с) (chen, 


When glucose (page 807) is treated with NaBH,, then with aqueous acid, an 
artificial sweetener called sorbitol results. What is the structure of sorbitol? 


Metal hydrides react by transferring a negative hydride ion to the positive 
carbon of a carbonyl group, just as a Grignard reagent transfers R to the carbonyl 
group. 
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О: Н :0: 
Ci 


» 


| | \ 
R—C—R + "T гаја + ВН, three more IPs 


H H 


Each hydride ion can reduce one carbonyl group. Therefore, one mole of 
LAH or NaBH, can reduce four moles of aldehyde or ketone, theoretically. After 
the reaction is completed, treatment with water or aqueous acid liberates the alco- 
hol from its salt. (Of course, if water, methanol, or ethanol is used as a solvent for 
a borohydride reduction, this step occurs spontaneously.) In the hydrolysis, the 
boron portion of the organoborate is converted to boric acid, H4BO,. 


О R 

Step 1 4 ame + NaBH, Na* E 
oO OH 

Step 2 ОН яе № — аа RCHR 


Camphor is a bridged, cyclic compound with a ketone group. Reduction of 
camphor with LAH leads to 90% of the isomer in which the OH group is cis to the 
bridge. Why is this so? Let us look at the structure of camphor. Note that the bridge 
provides substantial steric hindrance on one side of the carbonyl group—on top, 
as it is shown here. 


more hindered 
(сіл to bridge) 
О 


camphor N less hindered 
(trans to bridge) 


H,C 


When a ketone is reduced by LAH, it is not just a tiny hydride ion attacking; 
it is the relatively bulky AIH,” ion or an alkoxyaluminum hydride ion, such as 
| ~ AIH;(OR);. There is evidence that the electropositive, metallic portion of the 
metal hydride ion forms a complex with the carbonyl oxygen while the hydride 
ion is transferred to the carbonyl carbon. A look at the likely structure of the 
transition state shows how AlH, attacks the less hindered side of the camphor 
structure—that is, AIH,” attacks the carbonyl group from the side that is trans 
to the bridge. The resultant OH group is then formed cis to the bridge. 


HC CH, LIE CH; 
| 
+ H—AI-H —— ——À 
H не © он 
Н.С we 7 3 Н. : Hee H 
“АН, 


transition state cis to bridge 


(after hydrolysis) 
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SAMPLE PROBLEM 


When a cis-3-alkyl-4-r-butylcyclohexanone is subjected to a reaction with LAH, 
the predominant product is that in which the OH is cis to the t-butyl group and 
the alkyl group. Suggest a reason. 


Solution: The equatorial t-butyl group forces the R group into the axial 

position (see Section 4.5). The transition state leading to an equatorial OH 

shows more steric hindrance (1,3-diaxial interactions) than that leading to the 
axial OH. Therefore, the transition state leading to an axial OH is of lower energy 
and is favored, and the cis-product results. 


To equatorial: 


D о hindered. 


not favored 
, .Al H £i 


H H 
(ОН, Де 7 


H 


favored 


C. Wolff-Kishner and Clemmensen reductions 


The Clemmensen reduction and the Wolff-K ishner reduction are primarily used to 
reduce aryl ketones obtained from Friedel-Crafts reactions (Section 10.9E), but 
may sometimes be used to reduce other aldehydes and ketones. Both these methods 
of reduction result in the conversion of a С=О group to a CH; group. 

In the Wolff-Kishner reduction, the aldehyde or ketone is first converted to 
a hydrazone by reaction with hydrazine. The hydrazone is then treated with a 
strong base, such as potassium t-butoxide in dimethyl sulfoxide as solvent. The 
reaction is therefore limited to carbonyl compounds that are stable in base. 


Wolfi-Kishner reduction: 


NNH 


О H* 2 
| NH;NH, | (сно Со; 
CCH, — > CCH, —= =—=9 CHCH, 


acetophenone ethylbenzene 


In the Clemmensen reduction, on the other hand, a zinc amalgam (an alloy 
of zinc and mercury) and concentrated НСІ are used; these reagents would be the 
reagents of choice for a compound unstable in base but stable in acid. 


A da we 
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D. Reductive amination 


If an amine is the desired reduction product, the carbonyl compound is treated 
with ammonia or a primary amine to form an imine in the presence of hydrogen 
and a catalyst. The imine C=N group then undergoes catalytic hydrogenation in 
the same way that a C=C or a C=O group does. 


i 
NH, H, Ni 
(Осн e [ex DM (Оу сны, 


benzaldehyde an imine benzylamine 
85% 
O NCH; NHCH, 
| CH,NH; H;, Ni | 
CHaCEHSGCENS LET CHCH CGH, ja wd CH;CH,CHCH, 
butanone | an imine N-methyl-2-butylamine 


Reductive amination is a good method for the preparation of an amine with 
a secondary alkyl group: R,CHNH;. (Treating the secondary alkyl halide 
R CHX with NH, in an S,2 reaction may result in elimination or in dialkylamines, 
a reaction we will discuss in Chapter 15.) 


Е2 
{у ENH === ( instead of (Ум, 


bromocyclohexane cyclohexene 
NH 
о = 
C» H;. Ni NH; 
cyclohexanone cyclohexylamine 


SECTION 11.15. 


Oxidation of Aldehydes and Ketones 


Ketones are not easily oxidized (see Sections 11.17 and 11.18 for exceptions), but 
aldehydes are very easily oxidized to carboxylic acids. Almost any reagent that 
oxidizes an alcohol also oxidizes an aldehyde (see Section 7.13C). Permanganate or 
dichromate salts are the most popular oxidizing agents, but are by no means the 
only reagents that can be used. 
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O O 

| а | 

KMnO, А : ^ 
CH,CH,CH ===» CH,CH,COH 
propanal propanoic acid 
an aldehyde a carboxylic acid 

O 
KMnO, 


СН.ССН, — ——^ по reaction 
acetone 


a ketone 


In addition to oxidation by permanganate or dichromate, aldehydes are 
oxidized by very mild oxidizing agents, such as Ag* or Си? *. Tollens reagent (an 
alkaline solution ofthe silver-ammonia complex ion) is used asa test for aldehydes. 
The aldehyde is oxidized to a carboxylate anion; the Ag* in the Tollens reagent is 
reduced to Ag metal. A positive test is indicated by the formation of a silver mirror 
on the wall of the test tube. With the widespread use of spectroscopy, the Tollens 
test 15 no longer the test of choice for an aldehyde, but mirrors are sometimes still 
made this way. 


О О 


[| OH- | 
ВСН + АР(М№Н,),* ———› RCO + Ag 


from Tollens reagent mirror 


SECTION 11.16. 


Reactivity of the Alpha Hydrogens 


A carbon-hydrogen bond is usually stable, nonpolar, and certainly not acidic. 
But the presence of a carbonyl group results in an acidic alpha hydrogen. If a 
hydrogen is alpha to two carbonyl groups, it is acidic enough that salts can be 
formed by treatment with an alkoxide. The рК, of ethyl acetoacetate 
(CH4COCH;CO;CH;CH,)is 11; it is more acidic than ethanol (pK, = 16) or 
water (рК, = 15). Treatment of this fi-dicarbonyl compound with sodium eth- 
oxide (or any other strong base, such as NaH or NaNH,) yields the sodium salt. 
(Sodium hydroxide is usually not used with keto esters because the ester groups 
undergo hydrolysis in NaOH and water. This reaction will be discussed in Section 


13.5С.) 
хто one C=O x to two C=O groups 
af TUN 
СН.ССН, CH,CCH,COCH,CH; 
acetone ethyl acetoacetate 
pK, = 20 pK, = 11 
О О 


| | 
CH,CCH, + Na* OCH;CH, += Na* ~CH,CCH; + CH,CH,OHĦH 
| not favored 
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OLD Or ШО 
| | 
Ез + М COCH;CH, ———»9 CHjCCHCOCH,CH, +. CHCH OM 


H Ма” 


favored 


Why is a hydrogen alpha to a carbonyl group acidic? The answer is twofold. 
First, the alpha carbon is adjacent to one (or two) partially positive carbon atoms. 
The alpha carbon, too, partakes of some of this positive charge (inductive effect 
by electron-withdrawal), and C—H bonds are consequently weakened. 


О О 
M в di 
—C—CH,-C— 


Second, and more important, is the resonance-stabilization of the enolate 
ion, the anion formed when the proton is lost. From the resonance structures, we 
can see that the negative charge is carried by the carbonyl oxygens as well as by the 
x carbon. This delocalization of the charge stabilizes the enolate ion and favors its 


formation. 
^ IC ant to one са N у = ) 
Oy О: - oF 
Жү [| | е d 
С —CH=C— or —CH=C— 
A ent to t bony! groups 
O "i :О » 
p" | 7 d I 
—C—CH=C— ЕО а CSCC 
д— 
E 
or —С=СН:=:С— 


STUDY PROBLEM 


11.24. Give the resonance structures of the enolate ions formed when the following 
diones are treated with sodium ethoxide: 


ow i oq 
| 
(a) (С) сенсен, (b CH,CCH,CCH, 


SECTION 11.17. 


Tautomerism 


Even if a strong base is not present, the acidity of the alpha hydrogen may be 
evident. A carbonyl compound with an acidic alpha hydrogen may exist in two 
forms called tautomers: a keto tautomer and an enol tautomer. The keto tautomer 
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of a carbonyl compound has the expected carbonyl structure. The enol tautomer 
(from -ene + -ol), which is a vinylic alcohol, is formed by transfer of an acidic 
hydrogen from the x carbon to the carbonyl oxygen. Because a hydrogen atom is 
in different positions, the two tautomeric forms are not resonance structures, but 
are two different structures in equilibrium. (Remember that resonance structures 
vary only in the positions of electrons.) 


= ELI А © us 
keto form enol form 
г ? 
CH,—C—CH, == CH,—C=CH, 
keto form enol form 
of acetone of acetone 


STUDY PROBLEM 


11.25 Which of each of the following pairs are tautomers and which are resonance 
structures? 


О 
| | 
(а) (Ух, ( enn (Ы) CH,—CH, ~CH,—CH 
S SS < S 
ӨШ i. 4 ol | 
№ `OH N Noe N O 


О 


The relative quantities of enol versus keto in a pure liquid may be estimated 
by infrared or nmr spectroscopy. Acetone exists primarily in the keto form 
(99.99%, as determined by a specialized titration procedure). Most other simple 
aldehydes and ketones also exist primarily in their keto forms; however, 
2,4-pentanedione exists as 80% enol! How can this tremendous difference be 
explained? Let us consider the structures of the 2,4-pentanedione tautomers: 


H 
LOSS 
О О 
CH 4 daa CH С CH 
————— 
3 3 === BR O 3 
‘GHG WH 
keto form enol form 


20% 80%, 


The enol form not only has conjugated double bonds, which add a small amount of 
stability, but it is also structurally arranged for internal hydrogen bonding, which 
helps stabilize this tautomer. 


d LL жалы 


Tautomerism Section 11.17. 545 


SAMPLE PROBLEM 


Suggest reasons why 1.2-cyclohexanedione exists 100°, in an enol form. 


v i € Da 


Solution: = 
Tw QI о’ 
dipole -dipole 


repulsions reliev B 
stabilized by hydrogen 
bonding 


repulsions 


STUDY PROBLEM 


О 


О 


. Write the formulas for the principal tautomers of the following compounds: 


A i, i 
(a) CH,CCH.CH (Ы) CH,CCHCCH, (c) са 8 
CH, 


Tautomerism can affect the reactivity of a compound. An exception to the 
generality that ketones are not easily oxidized is the oxidation of a ketone with at 
least one x hydrogen. A ketone that can undergo tautomerism can be oxidized by 
a strong oxidizing agent at the carbon-carbon double bond of the enol tautomer. 
Yields in this reaction are poor because, under these conditions, other C—C 
bonds may be cleaved. This reaction is not used in synthetic work, but is used often 


in structure determinations. 


CHEECH CHE = CCH CH; ЕЕ 


3-һехапопе 
| OH 
CH,CH,CH=CCH,CH, uM 
+ 
OH ; 


heat 


CHSGHECH;CZ-GEOHS 


A.  Tautomerism in carbohydrate metabolism 


conc. HNO, 
——— 


2 СН,СН,СО,Н 
propanoic acid 
CH;CH;CH;CO;H 


butanoic acid 
+ 


CH,CO,H 


acetic acid 


The first step in the metabolism of carbohydrates (starches and sugars) is their 
breakdown to glucose in the digestive tract. This breakdown is the hydrolysis 
of the acetal bonds. In the cells of an organism, glucose is eventually converted to 
CO, and H,O. The first step in this cellular sequence of reactions is the formation 
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of glucose 6-phosphate, followed by isomerism to fructose 6-phosphate. The 
isomerism reaction is simply an enzyme-catalyzed tautomerism that proceeds by 
way of an enediol intermediate, an intermediate that can lead to two carbonyl 


products. 
HC=O HCOH H,COH 
| = |] = | 
i urs jo Te 
an aldehyde an enediol a ketone 
О О 
| | 
je а" 
H=C~OH enzyme- H=C—OH 
phosphate 
НО» С-Н —— ноО=С—=нНн Е 
H*-C—OH H= СОН 
He-C—OH Н=— СОН 
CH;OH CH;OPO)H-. 
glucose glucose 6-phosphate 
үз ETUR 
TA Ws 
НО» С-=Н НО» С-=Н 
=? 
H*e-C—OH H*-C—OH 
H= C—0OH Н—С—ОН 
CH;OPO,H- CH,OPO,H — 
an enediol fructose 6-phosphate 


STUDY PROBLEM 


11.27. After fructose 6-phosphate is formed, it is converted enzymatically to the 
1,6-diphosphate, which in turn is cleaved into two three-carbon compounds: 


pros F CHO 
го H—C—OH 
CH,OH CH,OPO,H- 
dihydroxyacetone glyceraldehyde 
phosphate 3-phosphate 


Before being carried on to the next step, the dihydroxyacetone phosphate is also 
converted to glyceraldehyde 3-phosphate. Suggest an intermediate in this 
conversion. 
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SECTION 11.18. 
Alpha Halogenation 


Ketones are readily halogenated at the x carbon. The reaction requires either 
alkaline conditions or an acidic catalyst. (Note that base is a reactant, whereas acid 
is a catalyst.) 


| 1 
СН.ССН, 23 Br. => OH- BrCH.CCH, T Вг + H,O 
acetone bromoacetone 
МР? ( Уо + Вг, + ОН- ке + Вг- + H,O 
cyclohexanone Br 
2-bromo- 


cyclohexanone 


i i 
н: | 
СН.ССН, + Br, ———> BrCH,CCH, + HBr 


In acid 
( У + Вг, =н Pan HBr 


Br 


The first step (the slow step) in the reaction under alkaline conditions is the 
formation of the enolate ion. The anion of a ketone with only one carbonyl group 
is a much stronger base than the hydroxide ion. Therefore, the acid-base equilib- 
rium favors the hydroxide ion rather than the enolate ion. Nonetheless, a few 
enolate ions exist in alkaline solution. As these few anions are used up, more are 
generated to go on to Step 2. In Step 2, the enolate ion quickly undergoes reaction 
with halogen to yield the -halogenated ketone and a halide ion. 


In base 
Step I (slow 
[9] Ó: :Ӧг 
i "но SS | 
CH;,CCH; T OH- == CHIC CIE RII E SEL CH;C=CH, 
resonance structures for the enolate ion 
Step 2 (fast 
о О 
СН.ССН, + :Br--Br: ———> CH,;CCH,Br: + :Br:- 
STUDY PROBLEMS 


11.28. Upon which species does the rate of base-promoted x halogenation depend? 
Would the reaction follow first-order or second-order kinetics? 
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11.29. One of the disadvantages of base-promoted x halogenation of a ketone is that a 
seeond halogen atom is introduced more easily than the first. 


О О 


[ | 
CH4CCH,Br ap Br, Bis OH P CH;CCHBr; + Bro + H,O 


Write the steps in the mechanism of the second halogenation and suggest a 
reason why this reaction has a faster rate than that of the first halogenation. 


Alpha halogenation in acid usually gives higher yields than the reaction in 
base. The acid-catalyzed reaction proceeds by way of the enol, the formation of 
which is the rate-determining step. The carbon-carbon double bond of the enol 
undergoes electrophilic addition, just like any carbon-carbon double bond, to 
form the more stable carbocation. In this case, the more stable carbocation is the 
one in which the positive charge is on the carbon of the carbonyl group (because this 
intermediate is resonance-stabilized). This carbocation intermediate quickly loses 
a proton and forms the ketone, which is now halogenated in the alpha position. 


In acid: 
Step 1 (fast): “O° | “OH | 


| 
CH,CCH,; + M === еее 


Step 2 (slow): 


Ape бн 
COH | 
СМЕС etel Е СН 3C=CH, E H С 


Н the enol 
Step 3 (fast): 
OH OH “OH 
| E С ] l 
л iu ==” CH;,C—CH;Br has cess CH,;C—CH,Br == Вг 
Step 4 (fast): 
" Өн lu 
CH,CCH,Br| с CH;CCH;Br + H^ 
STUDY PROBLEM 
11.30. (a) What species are involved in the rate-determining step of aeid-catalyzed 


x halogenation of acetone? 
(b) What would be the relative rates of x bromination and х iodination? 
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A.  Haloform reaction 


Alpha halogenation is the basis of a chemical test, called the iodoform test, for 
methyl ketones. The methyl group of a methyl ketone is iodinated stepwise 
until the yellow solid iodoform (CHI;) is formed. 


бїз E 
о ем 


i il 
(ссы, + e 6 ( co +. ‘erty 


cyclohexyl cyclohexyl- iodoform 
methyl ketone carboxylate ion vellow solid 
Steps in the reaction 
О 


| 


О О О 
] | _ | | 
ОК КИ = RCO — > коон 


| | 
(3) RCCHI, = ВСС, —— ВССІ, + Г 
:О 08 
i i” | [ 
(4) RC—CI, = RC—-CIl, —— де +1, | — BE 2 CHI; 
ou :OH :OH OF 
The test is not uniquely specific for methyl ketones. Iodine is a mild oxidizing 


agent, and any compound that can be oxidized to a methyl carbonyl compound also 
gives a positive test. 


i | 
1, 1, 
СН,СН.ОН = CH;CH €— 3 HCO” + CHI, 
ethanol acetaldehyde formate ion 
T i i 
I I; 
СН.СНСН, —— СН.ССН, "AH am CH CO СОН, 
2-propanol acetone acetate ion 


Bromine and chlorine also undergo reaction with methyl ketones to yield 
bromoform (CHBr,) and chloroform (СНСІ,), respectively. ** Haloform ” is the 
general term used to describe CHX, ; hence this reaction is often referred to as the 
haloform reaction. Because bromoform and chloroform are nondistinctive liquids, 
their formations are not useful for test purposes. However, the reaction of a methyl 
ketone with any of these halogens provides a method for the conversion of these 
compounds to carboxylic acids. 
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STUDY PROBLEMS 


11.31. Which of the following compounds gives a positive iodoform test? 


| i ie 
(a) ICH,CH (Ы) CH,CH,CH (с) CH,CH,CHCH, 


11.32. What methyl ketones can be used to prepare the following carboxylic acids by 


haloform reactions? 


(а) Че. (b (CHj,CHCO,H © Hoc- )-co.n 
CO,H 


SECTION 11.19. 


1,4-Addition to «,f-Unsaturated Carbonyl Compounds 
A.  Electrophilic 1,4-addition 


When an alkene undergoes reaction with НСІ, the reaction proceeds by electro- 
philic attack of H * to yield the more stable carbocation, followed by attack of C17. 


а 
CH3GHESCH, 6, арн сном) он еши, 


ргорепе 2-chloropropane 


An a,fl-unsaturated aldehyde or ketone has a carbon-carbon double bond 
in conjugation with a carbonyl group. The carbon-carbon double bond in an 
alkene is nonpolar. However, a carbon-carbon double bond in conjugation with 
a carbonyl group is polar, as the following resonance structures indicate. 


e i (б 
СБС ЕО <=> CH=CH- CH — *CH,—CH=CH 


NS 1 


The resonance structures show that the fj carbon, as well as the carbonyl 
carbon, carries a partial positive charge, while the carbonyl oxygen carries a partial 
negative charge. 


Oe 
|] 
CH,—CH—CH 


В carbon is ò+ carbonyl carbon is 6+ 


Because the C=C grouping in ап a,f-unsaturated carbonyl compound is 
polarized, the mechanism for electrophilic addition is somewhat different from that 
for electrophilic addition to an isolated, nonpolar, alkene double bond. Let us 
consider two examples of electrophilic addition reactions of «,f-unsaturated 
carbonyl compounds; then we will discuss the mechanism. 
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О CI О 
| | | 
СН, =СНСН + НСІ CH;CH;CH 
propenal 3-chloropropanal 
OH i 
- | 
CH,;CH=CHCCH, -H,0 — CH,CHCH,CCH, 

3-penten-2-one 4-hydroxy-2-pentanone 


Note that, in each reaction, the nucleophilic part of the reagent (not Н?) 
becomes bonded to the В carbon. The reason for this is that the В carbon has a 
partial positive charge. The initial attack by Н” occurs not at this positive carbon, 
but at the partially negative oxygen of the carbonyl group. 


xeu ва S 
i H* 


CH,=CHCH 


The protonated intermediate is resonance-stablized. In this intermediate, the B 
carbon still carries a partial positive charge and can be attacked by a nucleophile. 


Ө: сон :ÓH :OH 
Il H- |] в | л | 
CH.=CHCH CH,—CHCH —— CH,=CH—CH «—— CH,CH=CH 


resonance-stabilized 


ra ш | 
ZECH GH] +-cl- Coors -—= * E 
н ы d 
ап епо! of an aldehyde an aldehyde 
Note that this reaction 15 a 1,4-addition, the same type of addition observed 
with conjugated dienes. The difference 15 that the initial addition product is an 
enol, which undergoes tautomerism to the final keto form of the aldehyde. 
You might wonder why the nucleophile cannot also attack the carbonyl 
carbon (which also carries а partial positive charge in the intermediate). This 


attack on the carbonyl carbon can occur, but the product is unstable and re- 
verts to starting material. This is a concurrent, but nonproductive, side reaction. 


OH о-н n 
CH,=CHCH + СГ = cH,-cucu СЯ = CH,=CHCH + На 
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B.  Nucleophilic 1,4-addition 


The pi bond of an alkene is not normally attacked by a nucleophile unless there 
has been prior attack by an electrophile. However, a double bond in conjuga- 
tion with a carbonyl group is polarized. In this case, nucleophilic addition can 
occur either at the C=C double bond or at the C=O double bond (at either of the 
two partially positive carbons). 


О ОН 
ll HCN | 
ОН =GHGGH, ЕСМ єн,=снєсн, or сн, СН.ССН, 
СМ CN 


Let us look at the mechanism of each reaction. First, we will consider the 
attack of the cyanide ion (from HCN and dilute base) on the carbonyl group. In 
this case, the nucleophilic CN ^ attacks the partially positive carbon of the carbonyl 
group. The reaction is no different from cyanohydrin formation by an ordinary 
ketone. 


Attack of CN оп the carbonyl carbon: 


c9: iQ OH 

ll | HCN 

(GEI5—QEIGGLI C ом и. = Qh ae 
CN CN 


Now we will consider attack of the nucleophilic СМ” оп the f carbon. This 
reaction is a 1,4-addition of CN ^ and H * to the conjugated system. The product of 
the 1,4-addition is an enol, which forms the product ketone. 


Attack of CN оп the fì carbon: 


ur 05 0 
д | Eal | HCN 
CH,=CH—CCH, == CH,-CH-CCH, — CH,-CH-CCH, ER 
CN CN 
СМ 
OH O 


| || 
CN- + T ааа ==» | ыш 
СМ CN 


an enol 


Which of the two addition reactions occurs? Sometimes both do, and a mix- 
ture of products results. In most cases, however, one product or the other predomi- 
nates. Steric hindrance around the double bond or the carbonyl group may lead to 
preferred attack at the nonhindered position. Aldehydes, less hindered than 
ketones, usually undergo carbonyl attack. 


i i 
(CH,CH,),C=CHCH c= ыш 
CH, 


Мит attacks here 


Nu attacks here 


11.33. 
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A highly basic nucleophile (such as RMgX or LiAIH,) attacks preferentially 
at the carbonyl group, while a weaker base (such as СМ or R; NH) usually attacks 
at the carbon-carbon double bond. 


Stronger bases attack 12 tat C=O, 
er OH 


| 
GH,—cHQOH, Al: —= 2, снң,=бнонсн, 


(e nd 
DL Mab шш I i A шылт 
CH, 
Weaker bases attack 1.4 rat CC) 
О О 
cn, СЁнбсн, + CH,NH, ша 2 И 
CH,NH 
О О 
кы сн ш: mur AR 
См 


STUDY PROBLEM 


Predict the major organic product of the reaction of each of the following 
reagents with 2-cyclohexen-l-one: (a) CH,Mgl (followed by H+, HO); 
(b) 1 equivalent of Н, with Ni catalyst (25°); (с) NaBH, (followed by Н*, 
H-0): (d) NH,. 


SECTION 11.20. 


Use of Aldehydes and Ketones in Synthesis 


Aldehydes and ketones are readily available by the oxidation of alcohols and may 
be converted toa variety of other types of compounds, as may be seen in Table 11.6. 
When viewed from a synthesis standpoint, the reactions in this table can be 
grouped into three major categories: 


1. reactions in which the carbonyl group is retained (x halogenation and 
1,4-addition); 


2. reactions in which the carbonyl group is converted to another functional 
group (for example, reduction or conversion to a hemiacetal); 


3. reactions in which extension of the carbon skeleton occurs at the carbonyl 
group (Grignard and Wittig reactions). 


In designing synthetic sequences, you should keep all three classes of reactions in 
mind. 
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к= —————————————————————————————————— ————— е_ к —_ 
TABLE 11.6. Types of compounds that can be obtained from aldehydes and ketones” 


Reaction Product Section reference 
Addition:^ 
1 
RCHO -2R'OH — + RCHOR’ acetal 11.8 
a 
RCHO + HCN CN вене cyanohydrin 11.9 
Addition-elimination :° 
RCHO + R'NH; = SRGEILL NR: imine 11.10A 
RCH,CHO + R’,NH RCH=CHNR’, enamine 11.10C, 14.5 
RCHO + R’NHNH, ——— RCH-NNHR hydrazone 11.11 
Wittig reaction: 
R,C=O + (C,H,);3P=CR’, ———— R,C=CR’, alkene 1.12 
Grignard reaction: 
i Jn 
1) R'MgX 
ПЕВ E alcohol 6.9, 7.4B, 11.13 
(2) H,0, H* | 
R 
Reduction: 
в. С=0 ame um, EAN alcohol 11.14А and B 
or metal hydride 
R;C—O {D NH;NH;. (2) ОСН», R,CH, alkane or 11.14C 
| alkylbenzene 
R;NH ; : 
R;C—O am m R,CHNR’, amine 11.14D, 15.5B 
2> 
ж Halogenation: 
ji j 
ван св + х, 5 RCHCR a-halo carbonyl 11.18 
X 
О 
|| () OH- 
RCCH; + 3X, Ou ^ RCO;H carboxylic acid 11.18A 
1,4-Addition: 
O Nu 


О 
| ||  B-substituted 11.19 
RCHCH;CR carbonyl 


|] 
RCH--CHCR + Ми or HNu 


* The condensation and alkylation reactions of aldehydes and ketones will be discussed 
in Chapter 14. 


è Nonhindered ketones, such as methyl ketones, can also be used. 


Use of Aldehydes and Ketones in Synthesis Section 11.20. 555 


SAMPLE PROBLEMS 
How would yeu make the following conversion? 
О О 
CH;CCH,; 2 ag NETUS 


Solution? In this conversion, the carbonyl group is retained, but a functional 
group 15 inserted x to the C=O group. Alpha halogenation 1s а way to insert an 
x funcional group 
О О 

eut Ch. H 5 | а 

GHEGeH, + CH,GCH,CI 
The alcohol can then be obtained by treatment of the x-chloroketone with 
aqueous NaOH (S42 reaction). 

О О 


OH 


CH,CCH.CI + CH,CCH.OH 


How would vou make the following conversion? 


О 
(С) -ен=енен,ен, 


1! 
Solution: This conversion involves an extension of the carbon skeleton at the 
carbonyl group. The Wittig reaction could be used for this conversion. 


O 


| C,H.),P—CHCH;CH, 
СЕН СН LL e |060 5 


The product could also be obtained from the alcohol 
C,H;CH(OH)CH,CH,CH, by dehydration (spontaneous in this case because 
the product C=C 1s in conjugation with a benzene ring). The alcohol, 

in turn. can be obtained by a Grignard reaction, another reaction that allows us 
to build up a carbon skeleton. 


О OH 


I 
| И CH,CH;CH;MgBr 
E ld du isis Pul om int 


| z 
Bm H "То-то: 359 ыл 


Suggest a synthesis for N-ethyl-3-hexylamine from organic compounds 
containing three or fewer carbon atoms. 


Solution eda 
1. Write the structures CH4CH;CHCH;CH;CH; 


2. It ts apparent that more than one step will be needed to synthesize this 
compound. We must both build up a carbon skeleton and also insert the 
ethylamino group. Let us consider the amino group first. It could be 
placed in this structure by reductive amination of a ketone. 


E 
cud rd, рос 


Hi. №! 
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3. ls there a one-step reaction to 3-hexanone from starting materials 
containing three or fewer carbons? No, but a Grignard reaction can 
provide us with an alcohol, which is readily oxidized to a ketone. Thus. 
we can write the initial series of reactions. 


ү OH 
onm am EE arde abo H;CrO, 
i" 
CH,CH,CCH,CH,CH, 


The Grignard reagent can be prepared by the reaction of RX with Mg. 


Mg 
diethyl ether 


CH,CH,CH,Br CH,CH,CH,MgBr 


The proposed synthesis ts complete, and the series of reactions may be 
written forward. 


STUDY PROBLEM 


11.34. Suggest synthetic routes to the following compounds from aldehydes or ketones 
of six or fewer carbon atoms and other appropriate reagents: 


О 


(а) 2-phenylpropene (b) (y con (c) 2-cyclopentyl-1-heptene 


Summary 


The carbonyl group is planar and polar, and the oxygen has two filled orbitals. The 
carbonyl group may undergo electrophilic or nucleophilic attack. 


"Me Ge ENS E S (7 | со 
CEPR, =< C—OE C=O: ———— =C G0: 
А E* 4 / созаи = | 


Because of (1) inductive stabilization of the partial positive charge on the 
carbonyl carbon, and (2) steric hindrance, ketones are less reactive than aldehydes: 


О О О 
| | | 
ВСК < RCH < HCH 


—— A— 
а 


Summary 557 


Many reactions of aldehydes and ketones are simple addition reactions at 
the C=O pi bond. These reactions can lead to hydrates, hemiacetals (or hemiketals) 
and cyanohydrins. 


ll a 
R—G-H + H—Nu Е a 
Nu 


where HNu = H,O. ROH, or HCN 


Other addition reactions are reduction and Grignard reactions. 


O OH 
catalyst 


| | 
КОЕН Я I ROHR: 


heat, pressure 


О OMgX 


| a 
RCR + R'MgX diethyl ether zs 
R’ 


Substitution reactions of aldehydes and ketones are the result of initial 
addition reactions followed by elimination, or addition-elimination reactions. The 
formation of imines, enamines, hydrazones, and alkenes (by the Wittig reaction) 
all fall into this category. These reactions are summarized in Table 11.6. 


i ie 
Ren том rer 
addition | elimination T 
NHR' NR' 


Because the carbonyl group is polar and because its pi electrons can partici- 
pate in resonance-stabilization, an х hydrogen is acidic, especially if it is х to two 
carbonyl groups. This acidity can give rise to tautomerism. Because of tautomerism, 
ketones can undergo x halogenation, as shown in Table 11.6, or oxidative cleavage 
between the carbonyl carbon and the x carbon. 


О О 


|] | 
* CHCH + OH- : -CH CH + HO 
acidic 
ON 
lx || | 
GH CCH GGH, FOH = == CH;CCHCCH; + H,O 


OH 
Hl | il | [ 
CHC CHS CCH = Ван CH (ан 


keto tautomer enol tautomer 


When а C=C double bond is in conjugation with C=O, addition reactions 
may occur 1,2 or 1,4. 
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Electrophilic 


i р 
R,C—CH—CR —S> R,C—CH—CR ——— R,C—CH,—CR 
Cl Cl 
Nucleophilic: 
| pr^ 
R,C=CHCH + R'MgX 12 R;C—CHCH 
nonhindered C=O strong base i. 
O OH O 


Il | |] 
СН,=СНСК + МН, TU CH;—CH-CR| — —»5 СНЕСЕ 
hindered С=О weak base | 


STUDY PROBLEMS 


11.35. Write the structures for: (а) 2-methyl-l-cyclopentanone; (b) sec-butyl isopropyl ketone; 
(c) bromoacetone; (d)2-iodopentanal; (е) 2-methyl-3-heptanone. 


11.36. Write an acceptable name for each of the following structures: 


O 
(a) (b) = 


O 
|] 
(c) C;H,CH,CHO (d) (CH,),CHCCH,CH,CH, 
(е) BrCH,CH,CH,CHO (f) (CH;),CHCHO 


11.37. Give formulas for: (а) а f-ketoaldehyde; (Б) an «,f-unsaturated ketone; 
(c) an a-bromoaldehyde; (а) a fi-hydroxyketone. 


11.38. Tell whether each of the following equations represents an electrophilic attack or a 
nucleophilic attack on the carbonyl group: 


i d. 
(а) CH,CCH,+H* ===, CH,CCH, 
O^ “М2 


|] 
(б) СН.ССН, + CH,CH;Mgl —— CHOCH, 
CH,CH, 


11.39. 


11.40. 


11.41. 


11.42. 


11.43. 


11.44. 


11.45. 
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GHC, CH eO 
№ 'GHicH;CHO-rTLi* anc ——— i : BEL 


Hsec UN 


Which of the following aldehydes would form the most stable hydrate? the least stable? 
Why? 


(а) BrCH.CHO (D Br.CHCHO (c) Br,CCHO 
Write the equation for hydrate formation by Br; CHCHO. 


Write equations for the reactions leading to the hemiacetal and acetal of: (a) propanal and 
methanol; (b)acetone and 1.2-ethanediol; (с) 5-hydroxy-2-hexanone and methanol. 


Each of the following compounds is dissolved in water to which a trace of НСІ has been 


added. Give the structures of any other compounds (besides НСІ, water, and the compound 
in question) that would be found in each solution. 


HO.— 90H 


(a) (b CH,-4 jJ (c) o Y 
O 
OH 


OH 


Write equations for the reactions of (a) acetone with 2,4-dinitrophenylhydrazine ; 
(b) cyclohexanone with NaCN + H5SO,; (c) benzaldehyde with aniline; (d) propanal 
with (CH ;), NH. 


Show how you would prepare the following compounds from compounds containing 
six or fewer carbon atoms: 


(а) CH,CH,.CH—CHN(CH,CH,, (b) Te \ 


(c) CH,;CH,CH=NC,H, 


Predict the major organic products: 
H, _Н:5О», 

Le 

em + (CoHs)sP=CH, —— 


(у NaC=CCHy 
Q)H,O.H- › 


ен, 
O 4 Не©Н CH SH = 


O + H,NOH 
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11.48. 


11.49. 
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(f) + C,H NHS == 
H* 
+ HN = 


Give the product of the reaction of cyclopentanone with: 


(a) Вг, in acetic acid 

(b) NaBH,, followed by H^, H,O 

(c) phenylhydrazine with H * 

(d) (CH4),CHMgBnr, followed by H^, H,O 

(e) (C;H;);P—C(CH3); 

(f) hydrazine, followed by heating in К? ~OC(CH;), solution 


List the following compounds in terms of reactivity toward 2,4-dinitrophenylhydrazine 
(least reactive first): (a)2-pentanone; (b)3-pentanone; (с) pentanal. 


How would you effect the following conversions by Wittig reactions? (Start with alkyl 
halides.) 


(a) г nur { У=снен=сн, 
CHO CH=CH, 
QU. O 
CHO CH=CH, 
O 


| 
(©) єн,о—( `ў—ссн, — cii o-( С—с=сносн, 


CH; 


Predict the major organic products: 


(о _@)СН,Ма1, 
(a)  Q)H*,H,O* 
CO,H 


(1) CSH,MgBr 
— A ’”> 
(b) o Q)H*, H,0 


Mel 


(с) HCHO Q)H*. HO 
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11.53. 


11.54. 
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Suggest a synthesis for each of the following compounds, starting with iodomethane and 
other appropriate reagents: (а) 3-methyl-3-pentanol; (b)ethanol; (c)2-pentanol. 


Predict the organic products: 


(à OHCCH,CH,CHO AE 


heat, pressure 


(b) { о + Мао. СОН, 
(с) (ско + Мао. — > 


О 


| H,, Pt 
T 
() CHOCH, + HOCH,CH,NH, =" 
CH;CH;CH;NH, 
(f) H,, Pt 


Which of the following compounds would give a positive Tollens test? 


О 


| О 
(а) CH,CHO (b) CH,CCH, (©) mss (d) (брось, 


Suggest a synthetic scheme to convert 3-hydroxypropanal to HO;CCH;CHO. 


Show how the following compounds could be prepared from four-carbon aldehydes or 
ketones: (a)3-chloropropanoic acid; (b)4-octene; (с) 3-methyl-3-heptanol; 
(d) di-n-butyl ether; (e)r-butylamine; (f)3-butenoic acid; (р) 3-buten-1-ol. 


Suggest syntheses for the following compounds from starting materials containing six or 


fewer carbon atoms and appropriate inorganic reagents. (Triphenylphosphine may also be 
used.) 


(à (CH,CH;,COH (Ы) { у=снснен< ) 
О 

(с) [rax E (d) (сон 
о 
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Rank the following compounds in terms of increasing acidity (least acidic first): 


(a) 2,4-pentanedione (Б) butanal (c) water 


Complete the following equations for acid-base reactions: 


[ 
(а) CHCH ROH == 


о о 
(b) Sais Too === 


О 
[| 
(с) (CeH;);CHCOCH,CH, + Ма* -OCH,CH, ==” 


| -ор 
(d) CHCH CCHS excess 0,0 X———* 
a 
(e) (S)-CH,CH,CHCH,CHO + OH- =— 
pis 
(f (S)-CH,CH,CH,CHCHO + OH == 


Each of the following compounds is about as acidic as a fj-diketone. Show the resonance 
structures for the anions of each that would account for this acidity. 


[| i 
(a CHNO, (b) CH,CCH,CN (с) C,H;CH,CH 


Write equations that illustrate tautomerism of the following compounds: 


о О p О 
» О o T ө (Y 
a) о (b) O- 3 c) NH 


Predict the organic products: 


o 

|| H 
@ CHL CL, HE 
(b) o= \ о Ee 
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11.64. 


11.65. 


11.66. 


11.67. 


11.68. 
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What would be observed if each of the following compounds were placed in a test tube 
and a solution of l, in dilute aqueous NaOH were added? 

| 1 i 

|| 


i i i 
(4) (Уне, (e) CH,CH.CH.CH.CCH, (f) (ен 


How would vou differentiate the following pairs of compounds Бу simple chemical 
tests? 


(a) cyclohexanone and cyclohexanol 
(b) 2-pentanone and 3-pentanone 
(c) pentanal and 2-рептапопе 

(d) 2-pentene and 2-pentanone 


Complete the following equations: 


|| 
(а) СН.=СНССН, + НВг —— 


1 
(b CH;-CHCH;CH.CCH, + НЕ ——— 
Show how vou could synthesize the following compounds from organic starting 
materials containing onlv C, H, and O: 


О CN 


[| 
(а) CH,CH;NHCH,CH,CCH.CH, (b) ссн, 
О 


Suggest a technique by which !*O-labeled aldehydes and ketones might Бе used to 
determine the relative rates of hvdrate formation. 


In the reductive amination of RCHO with ammonia, a secondary amine is a common 
by-product. Suggest a general structure for this secondary amine and explain how it is 
formed. 


563 


When quinone (page 486) is treated with HCl, a chlorohydroquinone is formed. Write the 


equation for this reaction. showing the intermediates. 


When 3,3.5-trimethyl-1 cyclohexanone is treated with LiAIH,., followed by hydrolysis, an 


83°. ме of one diastereomer of an alcohol is obtained. Write the formula for this 
diastereomer, and explain why it is the principal product. 
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Explain why an g-alkylcyclohexanone tends to form the less-substituted enamine. (Hint: 
Consider the resonance structures of the enamine.) 


CH, Сн, CH, | 
i | 
Qe = Оно C90 
n 
90% 10% 


The LAH reduction of a stereoisomeric 3-phenyl-2-pentanone yielded 75% of the (2R,3S) 
alcohol and 25% of the (25,35) alcohol. 

(a) What was the stereochemistry of the starting ketone? 

(b) Why was the (2R,3S) alcohol the predominant product? (Hint: Use models.) 


Write flow equations for syntheses of the following compounds: 


(a) 4-methoxy-2-phenyl-2-butene from compounds containing six or fewer carbons 

(b) 4-methyl-1,3-pentadiene from acetone | 
(c) 3,5-heptanediol from compounds containing four or fewer carbons 

(d) 1,3-cyclohexanedione from cyclohexanone 


OH 
(e) T from cyclopentanol 


(f) 2,2-dimethylpropanoic acid from 2,3-dimethyl-2,3-butanediol 


Suggest syntheses for: (a) biacetyl (2,3-butanedione), which is used in margarine as a 
butter flavoring, from compounds containing only one or two carbons; 

(b) 2-chloro-1-phenylethanone (x-chloroacetophenone), the lachrymator used in Mace, from 
benzene. 


(a) 3-Phenyl-2-butanone can form two enols, but one is preferred. Which one? 

(b) If 3-phenyl-2-butanone is dissolved in D,O with an acidic or basic catalyst, then 
recovered, it is found to contain deuterium in its structure at primarily one location. 
Which location? 


(c) If (R)-3-phenyl-2-butanone is dissolved in aqueous acid or base, what would you 
expect to happen to it? 
Predict the major organic product: 
i 
CH =COCH, + -CH(COCH,CH,), CH,CH,OH cold, dil. HCI 
CH; 
The formation of a hemiacetal from an aldehyde and an alcohol is catalyzed by base, 


as well as by acid. The mechanism for the acid-catalyzed reaction was presented in Section 
11.8. Suggest a mechanism for the base-catalyzed reaction of acetaldehyde and methanol. 


An acetal can be formed in acidic solution, but not in base. Why not? 


Write equations for the mechanism of base-promoted chlorination of 
(R)-1-phenyl-2-methyl-1-butanone. 


11.78. 


11.79. 


11.80. 


11.81. 


11.82. 


11.83. 
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Glutaraldehyde forms a cyclic hydrate that contains one equivalent of water. What is its 
structure, and how is it formed? (Hint: If one aldehyde group is hydrated, what reaction 
might the molecule undergo?) 

О О 


| |] 
HC(CH;),CH 


glutaraldehyde 
used as an aniiseptic 


Benzene undergoes reaction with formaldehyde and HCI in the presence of zinc chloride 
to yield benzyl chloride. Write a mechanism for this reaction. 


Suggest a mechanism for the following reaction: 


\. 
CH,—CHCHO + мнн. — — = 
Н 


Explain why compound А forms two enols. while compound B forms only one. (Include 
the enol structures in vour answer.) 


H 
po iN 2 > -H 
H 
A 


B 


The following structure is that of puberulic acid, an antibiotic found in Penicillium 
puberulum. When treated with dilute acid, it readily forms a cation. Give the structure of the 
cation (and its resonance structures). 


НО.С ОН 
О 
ОН ОН 
puberulic acid 


Ciretone is an active ingredient of cirer, a mixture isolated from the scent glands of the 
African civet cat and used in perfumes. Civetone, which has the formula С,-Н ‚оО. shows 
strong absorption in the infrared spectrum at 1700 ст! (5.8 um) and shows no offset 
downfield absorption in the nmr spectrum. Treatment of civetone with Br, in ССІ, yields 
a single dibromide А. C,-H 45Br;O. Oxidation of civetone with KMnO, solution yields а 
diacid B. C,-H,,0;. Oxidation of civetone with hot, concentrated HNO, yields 
principally HO;C(CH;)-CO;H and НО,С(СН,),СО,Н. Hydrogenation of civetone (Pd 
catalyst. no heat or pressure), followed by oxidation with hot HNO,, yields a diacid 
HO,C(CH,),;CO,H. What аге the structures of civetone. A. and B? 


. Muscone (C, 5H 350) 15 the active ingredient of musk, which is obtained from the scent 


glands of the male musk deer and is also used in perfumes. Muscone is oxidized by hot 
HNO, toa mixture of diacids, two of which are 


" E 
HO.C(CH;),,CHCH,CO,H and HO,C(CH,),,CHCO,H. 
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Reduction of muscone with а zinc mercury amalgam and НСІ yields 
methylcyclopentadecane : 


CH, 


What is the structure of muscone? 


Queen bees secrete a compound A, C,,H,40,, that attracts worker bees. Compound A is 
insoluble in water, but soluble in alkaline solution. It gives a positive iodoform test. When 
A is subjected to ozonolysis (oxidative work-up), Compound B, С.Н, Оз, is obtained. 
Compound B is also soluble in aqueous base and also gives a positive iodoform test. 
Oxidation of A with hot HNO, yields, among other products, hexanedioic acid and 
heptanedioic acid. What are the structures of A and B? 


Match each of the spectra in Figure 11.7 with one of the following structures: 


ON Ih 


(a) (CH,,CCHO O Ху В (c) йч сн pae 


(d) (cu) N-( ))- cuo (e) сн (С)-ен,сно 


400 300 200 100 0 Hz 


8.0 


7.0 6.0 5.0 4.0 3.0 2.0 1.0 Оррт 


FIGURE 11.7. Nmr spectra for Problem 11.86. (continued) 
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500 400 300 200 100 0 Hz 


FIGURE 11.7. (continued) Nmr spectra for Problem 11.86. 
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11.87. Compound A has a molecular weight of 132. Treatment of A with NaBH, in aqueous 
methanol yields Compound B. The nmr spectrum of A and the infrared spectrum of B 
are shown in Figure 11.8. What are the structures of A and B? 


500 400 300 200 100 0 Hz 


10025 3 — — 4 —_— (oy 7 8. 10 be а SIS 
| = — Г" + — + —- > = — — 
а= — я Г LT—- > -— 
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8) 
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E 60 с + —— — E - - — — -— i 
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a > + 
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9 

5 — - = + =e - + mr B 
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F ама р + — = 1 T —— + ae — - - 
(ушен: шакы. Lem ee i E -— e" : - 
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Wavenumber (стт!) 


FIGURE 11.8. Spectra for Problem 11.87. 


СНАРТЕК 12 


Carboxylic Acids 


carboxylic acid is an organic compound containing the carboxyl group, 

—CO.H. The carboxyl group contains a carbonyl group and a hydroxyl 
group; the interactions of these two groups lead to a chemical reactivity that is 
unique to carboxylic acids. 


approx. 120* О 9*5 Ó: 
R LA md вс” 
SŠ% M "s NS 
(ET EH OH 
planar polar unshared electrons 


Because the carboxyl group is polar and nonhindered, its reactions are not 
affected to a great extent by the rest of the molecule. All of the following carboxylic 
acids undergo similar reactions: 


О О О O 
|] |} |} |} 
СН, СОН CH;CH,COH (CH;),CHCOH COH 
IUPAC: ethanoic acid propanoic acid 2-methylpropanoic acid benzoic acid 
trivial: acetic acid propionic acid isobutyric acid 


The most notable chemical property of carboxylic acids is their acidity. 
Ranked against the mineral acids, such as HCl or HNO, (pK, values about 1 or 
smaller), the carboxylic acids are weak acids (pK, values typically about 5). How- 
ever, the carboxylic acids are more acidic than alcohols or phenols, primarily 
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because of resonance-stabilization of the carboxylate anion, КСО, '. A p-orbital 
picture of the carboxylate 1on is shown in Figure 12.1. 


О: Ter 
Chia | 


|! 
CH,COH + H,O === CH,C—-0: ———› СН,С=0: + Н,0: 


resonance-stabilized 
pi electrons 


x 
о 
Ax 
к) = 


O 


top view 
side view showing p-orbital overlap 


(unshared electrons not shown) 


FIGURE 12.1. Bonding in the carboxylate ion, КСО. 


SECTION 12.1. 


Nomenclature of Carboxylic Acids 


The IUPAC name of an aliphatic carboxylic acid is that of the alkane parent 
with the -e changed to -oic acid. The carboxyl carbon is carbon 1, just as the alde- 
hyde carbon 15. 


| 
НСО,Н CHSCH:CHCO H HO;CCH;CO;H 
IUPAC: methanoic acid 2-chlorobutanoic propanedioic 
acid acid 


For the first four carboxylic acids, the trivial names are used more often 
than the IUPAC names. (See Table 12.1.) The name formic acid comes from 
formica (Latin for ants"): in medieval times, alchemists obtained formic acid 
by distilling red ants! Acetic acid is from the Latin acetum, ** vinegar." In its pure 
form, it is called glacial acetic acid. The term *' glacial" arises from the fact that 
pure acetic acid is a viscous liquid that solidifies into an icy-looking solid. The 
name for propionic acid literally means “‘ first fat." Propionic acid is the first carbox- 
ylic acid (the one of lowest molecular weight) to exhibit some of the properties of 
fatty acids, which are carboxylic acids obtained from the hydrolysis of fats (dis- 
cussed in Section 20.1). Butyric acid is found in rancid butter (Latin, butyrum). 

Some other commonly encountered carboxylic acids and names follow: 


CO,H 


CO;H 


p-toluic acid o-phthalic acid cyclohexanecarboxylic acid acrylic acid 


1122518 
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TABLE 12.1. Trivial names ot the tirst ten carboxylic acids 


Number of Occurrence and 
carbons Siructure Trivial name derivation of name 
1 HCO;H formic ants (L. formica) 
2 CH;CO;H acetic vinegar (L. acetum) 
3 CH;CH;CO,H propionic milk, butter, and cheese 


(Gr. protos, first; pion, fat) 


4 CH4(CH;;CO;H butyric butter (L. butyrum) 

5 CH;(CH:);CO,H valeric valerian root (L. valere, 
to be strong) 

CH;(CH;),CO,H  caproic goat (L. caper) 

7 CH;(CH,);CO,H  enanthic (Gr. aenanthe, vine 
blossom) 

$ CH;(CH;),CO,H  caprylic goat 

9 CH;(CH;.CO;H  pelargonic Its ester is found in 


Pelargonium roseum, 
a geranium. 
10 CH4;(CH;CO;H  capric goat 


As with aldehydes and ketones, Greek letters may be used in the trivial names 
of carboxylic acids to refer to a position in the molecule relative to the carboxyl 
group. 


i 
CH;CH,CO,H CH;CH,CHCO,H 
y » x-bromobutyric acid 
B carbon x carbon or 2-bromobutanoic acid 


It is sometimes convenient to refer to the RCO— group as an acyl group 
and to RCO,” as an acyloxy group. For example, the acylation of benzene is the 
substitution of a RCO— group on the aromatic ring. 


| | 
КЕ REO 
an acyl group ап acyloxy group 

О О О 

Il | | 
CH,C— C= CH COZ 

acetyl group benzoyl group acetoxy group 

(Ас—) (Bz—) (AcO—) 


STUDY PROBLEMS 


Write IUPAC names for the following carboxylic acids: 
(a) CH,=CHCO,H (b HO,CCH,CH,CH,CO,H (c) Oo 
CH; 
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12.2. Write trivial names for 


(а) CH,CHBrCO,H and (b) HOCH,CH,CO,H. 


SECTION 12.2. 


Physical Properties of Carboxylic Acids 


The carboxyl group is ideally structured for forming two hydrogen bonds 
between a pair of molecules. A pair of hydrogen-bonded carboxylic acid mole- 
cules is often referred to as a carboxylic acid dimer. Because of the strength of these 
hydrogen bonds (a total of about 10 kcal/mole for the two hydrogen bonds), 
carboxylic acids are found as dimers to a limited extent even in the vapor phase. 


CO Oe d 
Л \ A NH 
CH;C CCH, GHEE О: 
\ / E 
ОН: O—H 
a carboxylic acid dimer hydrogen bonds with H,O 


STUDY PROBLEM 


12.3. Show the principal hydrogen bonds between molecules of the following 
compounds: 


CO,H 
(a) (сон (Ъ) Q (с) C)-co.n and CH,OH 
OH 


The physical properties of carboxylic acids reflect the strong hydrogen 
bonding between carboxylic acid molecules. The melting points and boiling 
points are relatively high. The infrared spectra of carboxylic acids also show the 
effects of hydrogen bonding (see Section 12.3A). The lower-molecular-weight 
acids are water-soluble, as well as soluble in organic solvents. The melting points, 
boiling points, and water-solubilities of some carboxylic acids are listed in Table 
[2\2 

A notable property (not a physical property, but a physiological one) of the 
lower-molecular-weight carboxylic acids is their odor. Formic and acetic acids 
have pungent odors. Propionic acid has a pungent odor reminiscent of rancid 
fat. The odor of rancid butter arises in part from butyric acid. Caproic acid smells 
like a goat. (Goat sweat, incidentally. contains caproic acid.) Valeric acid (from the 
Latin valere, “to be strong") is not a strong acid, but it does have a strong odor 
somewhere in between that of rancid butter and goat sweat. (Interesungly, valeric 
acid is the sex attractant of the sugar beet wire worm.) Dogs can differentiate the 
odors of individual humans because of differing proportions of carboxylic 
acids in human sweat. The odors of the aliphatic carboxylic acids of ten and more 
carbons diminish, probably because of their lack of volatility. 
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TABLE 12.2. Physical properties of some carboxylic acids 


Name Structure Mp, °C Bp, °С Solubility in H,O at 20°C 
formic HCO,H $ 100.5 со 
acetic CH;CO;H 16.6 118 со 
propionic CH;CH;CO,;H —22 141 20 
butyric CH,(CH,),CO,H —6 164 со 
valeric CH;(CH;),CO;H —34 187 3.7 g/100 mL 
caproic CH;(CH;),CO.H —3 205 1.0 g/100 mL 
cyclohexane- 
carboxylic C;H,,CO;H 31 233 0.2 g/100 mL 
benzoic C;H4,CO;H 122 250 0.3 g/100 mL 


SECTION 12.3. 


Spectral Properties of Carboxylic Acids 


A. Infrared spectra 


Carboxylic acids, either as pure liquids or in solution at concentrations in excess 
of about 0.01 M, exist primarily as hydrogen-bonded dimers rather than as 
discrete monomers. The infrared spectrum of a carboxylic acid is therefore the 
spectrum of the dimer. Because of the hydrogen bonding, the OH stretching 
absorption of carboxylic acids is very broad and very intense. This OH absorp- 
tion starts around 3300 cm ^! (3.0 um) and slopes into the region of aliphatic 
carbon-hydrogen absorption (see Figure 12.2). The broadness of the carboxylic 
acid OH band can often obscure both aliphatic and aromatic CH absorption, 
as well as any other OH or NH absorption in the spectrum. 

The carbonyl absorption is observed at about 1700-1725 cm + (5.8-5.88 um) 
and is of moderately strong intensity. Conjugation shifts this absorption to lower 
frequencies: 1680-1700 cm * (5.9-5.95 um). 


Wavelength (um) 


80 


Percent transmittance 


CH; 
20 | 
_ CH,CH,CHCO,H 
0" - 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 


Wavenumber (ст^!) 


FIGURE 12.2. Infrared spectrum of 2-methylbutanoic acid. 
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The fingerprint region in an infrared spectrum of a carboxylic acid often 
shows C—O stretching and OH bending (see Table 12.3). Another OH bending 
vibration of the dimer results in a broad absorption near 925 ст ' (10.8 ит). 


TABLE 12.3. Characteristic infrared absorption for carboxylic acids 


Position of absorption 


Type of vibration em! шп 
O—H stretching 2860-3300 3.0-3.5 
C=O stretching 1700-1725 5.8-5.88 
C—O stretching 1210-1330 7.5-8.26 
O—H bending 1300-1440 6.94-7.71 
O—H bending (dimer) ~925 ~10.8 


B. Nmr spectra 


In the nmr spectrum, the absorption of the acidic proton of a carboxylic acid 
is seen as a singlet far downfield (ô = 10-13 ppm), offset from the usual spectral 
range. The alpha protons are only slightly affected by the С=О group; their 
absorption is slightly downfield (about 2.2 ppm) because of the inductive effect of 
the partially positive carbonyl carbon. There is no unique splitting pattern 
associated with the carboxylic acid group because the carboxyl proton has no 
neighboring protons. (See Figure 12.3.) 


FIGURE 12.3. Nmr spectrum of 2-methylpropanoic acid. 
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SECTION 12.4. 


Preparation of Carboxylic Acids 


The numerous synthetic paths that lead to carboxylic acids may be grouped into 
three types of reactions: (1) /rvdrolysis of the derivatives of the carboxylic acids; 
(2) oxidation reactions; and (3) Grignard reactions. These reactions are summarized 
in Table 12.4. 


Hydrolysis of carboxylic acid derivatives results from the attack of water or 
OH оп the carbonyl carbon (or the —CN carbon of a nitrile) of the derivatives. 


TABLE 12.4. Summary of laboratory syntheses of carboxylic acids 


Section 
Reaction reference 
Hydrolysis :° 
|| H+ or OH- 
ester: RC—OR' +НО ———— > RCO,H + HOR’ 13.5C 
О 
| H^ or OH ^ 
amide: RGSS 00 = СНЫ јр 13.9C 
| | H'orOH 
anhydride: RES OCR + H,O —— RCO,H НОВ. 13.4С 
О 
| Н? or ОН” 
acid halide: RCM SF 50) —— — “ОО SB 2X7 16:36 
nitrile: ВСЕМ m: HO 9X. Roos ANH; 13.12D 
Oxidation: 
Г alcohol: RCH,OH + ГОЈ? == RCO;H Сав 
i 
aldehyde: RCH ке (6 RCOOH 11.15 
alkene: RCH=CR, + [0] ———ә RCO,H + R,C=O 9.14 
alkylarene: Ar—R О === ACOH 10.12 
i 
methyl Кеопе:° RCCH; SP 255 21а. КСО,Н + СНХ; 11.18А 
Grignard reaction: 
Mg. eth 
RX == RCO,H 6.9А 
(3) H,O. H^ 


* [n alkaline solution, the carboxylate is obtained. The acid can be generated by 
acidification: ЕСО, + H^ — RCO,H. 


* Typical oxidizing agents are KMnO, or H;CrO, solutions. 
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The hydrolysis of an ester to yield a carboxylic acid and an alcohol is typical of this 
class of reactions. We will discuss these reactions in detail in Chapter 13. 


o 
| TE | 
CH,COCH,CH; + HO == OH,COH + "HOCH;CH, 


ethyl acetate acetic acid ethanol 


an ester a carboxylic acid an alcohol 


Oxidation of primary alcohols and aldehydes to yield carboxylic acids was 
discussed in Sections 7.13C and 11.15, respectively. The principal limitation of 
alcohol-oxidation is that the necessary strength of the oxidizing agent precludes 
the presence of another oxidizable functional group in the molecule (unless it is 
protected by a blocking group, such as the dibromide of an alkene or an acetal of 
an aldehyde). Even with this limitation, the oxidation of primary alcohols is the 
most common oxidative procedure for obtaining carboxylic acids because alcohols 
are often available. 


H;CrO, 
млан M5 RCOH 


no double bond, 
aldehyde, benz yl 
group, or other 
— ОН group 


The oxidation of aldehydes proceeds with mild oxidizing agents (such as 
Ар?) that do not oxidize other groups; however, aldehydes are not as readily | 
available as primary alcohols. 


Oxidation of alkenes 15 used primarily as an analytical tool, but also can be 
employed in synthesis of carboxylic acids. Like alcohols, alkenes require vigorous 
oxidizing agents. 


Q -“"©є, НО,ССН,СН,СН,СН,СО,Н 


hexanedioic acid 
cyclohexene (adipic acid) 


Oxidation of substituted alkylbenzenes is an excellent route to the sub- 
stituted benzoic acids. A carboxyl group is a meta-director, but an alkyl group is an 
0,p-director. Electrophilic substitution of an alkylbenzene, followed by oxidation, 
yields o- and p-substituted benzoic acids. 


NO, NO, 


MnO, 
о (сь =з оС вол | 


2,4-dinitrotoluene 2,4-dinitrobenzoic acid 
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A Grignard reaction between a Grignard reagent (1?, 2^, 3^, vinylic, or aryl) 
and carbon dioxide (as a gas or as dry ice) is often the method of choice for pre- 
paring a carboxylic acid. 


phenylmagnesium benzoic acid 
bromide 85% 


Let us summarize the common synthetic routes to carboxylic acids from a 
different viewpoint—that of what happens to the molecule as a whole. Synthesis 
from an alkyl halide by way of the nitrile or Grignard reagent leads to a carboxylic 
acid with one more carbon than in the alkyl halide. 


Chain-lengthening. 


CN- KoM: i 
PRX 55 RCN —225 ксо,н 
З Mg (1) CO, 
RX —SE> ВМХ OES, RCOH 


Oxidation of a primary alcohol (or aldehyde) does not affect the length of the 
carbon chain, nor does hydrolysis of a carboxylic acid derivative. 


Same number of carbons: 


MnO,” 
heat 


RCH,OH RCO,H 


| i 
RCOR > СОН RON 
Oxidation of ап alkene (unless the alkene is cyclic) causes fragmentation of 
the parent chain. 


Fragmentation: 


MnO,” 
———À 
heat 


RCH=CR, RCO,H + O=CR, 


STUDY PROBLEM 


12.4. Considering only nitrile formation and Grignard reactions, propose a feasible 
route for each of the following conversions: 


(a) HOCH,CH,CI 
(b) (CH;);CCH,Cl 


HOCH,CH,CO,H 
(CH,),CCH,CO,H 


1 CO,H 
i T 
в (eo — (oncon 
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SECTION 12.5. 


Acidity of Carboxylic Acids 


Carboxylic acids, sulfonic acids (RSO;H), and alkyl hydrogen sulfates (ROSO,H) 
are the only classes of organic compounds more acidic than carbonic acid 
(H;CO,). Of these three classes, carboxylic acids are by far the most common. 


RCH, RNH, RC=CH ВОН H,O ArOH H,CO, RCO,H 
approx. pKa: 45 35 25 18 I5 10 6.4 5 
increasing acid strength 


Because it is more acidic than carbonic acid, a carboxylic acid undergoes an 
acid-base reaction with sodium bicarbonate as well as with stronger bases such 
as NaOH. 


О 


| 
GH;GOH “on =; Сс MTO 


acetic acid acetate ion 
i i 
СН.СОН + НСО, э CH;CO + [Н,СО;] 


0 Go, 


While carboxylic acids undergo reaction with sodium bicarbonate, phenols 
require the stronger base NaOH, and alcohols require a yet stronger base, such as 
NaNH,;. 

HCO,” 


In NaHCO, RCO;H RCO,” + СО, + H,O 


ArOH and ROH = no appreciable reaction 


In МОН: ЕСОН ——— RCO, + ЊО 
АТОН ———э ArO + H,O 
КОН ———— по appreciable reaction 


This difference between phenols and carboxylic acids in reactivity toward 
NaOH and NaHCO, is the basis of a simple classification and separation pro- 
cedure. If a water-insoluble compound dissolves in NaOH solution, but not in 
NaHCO, solution, it is likely to be a phenol. On the other hand, if the compound 
dissolves in both NaOH and NaHCO, solution, it is probably a carboxylic acid. 

A carboxylic acid can be extracted from a mixture of water-insoluble organic 
compounds with sodium bicarbonate solution. The acid forms a sodium salt and 
becomes water-soluble, while the other organic compounds remain insoluble. The 
free carboxylic acid is obtained from the water solution by acidification. 

When used either as a test or as a separation procedure, the reaction with 
sodium bicarbonate has its limitations. If the hydrocarbon portion of the carboxylic 
acid is long, the compound fails to dissolve in NaHCO, solution and may even 
fail to dissolve in NaOH solution. In addition, some phenols, such as the nitro- 
phenols, have acid strengths comparable to those of carboxylic acids; these 
phenols dissolve in NaHCO, as well as in NaOH solutions. 
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STUDY PROBLEMS 


An aldehyde obtained from a storeroom is probably contaminated with some 
carboxylic acid (from air oxidation of the aldehyde). Describe in words how you 
would remove the unwanted acid. 


You are confronted with an ether solution containing a mixture of heptanoic 
acid. 1-naphthol, and l-octanol. How would vou separate these three 


components? 


OH 


OO 


] -naphthol 


A.  Neutralization equivalent 


The equivalent weight of an acid, or its neutralization equivalent, is the number 
of grams of the acid that undergoes reaction with 1.0 equivalent of ОН”. The 
neutralization equivalent is determined by titrating a known weight of the acid 
with a standardized solution of sodium hydroxide. The endpoint is often deter- 
mined by the color change of an indicator such as phenolphthalein; however, a 
pH meter gives more reliable results. 


RCO.H + ОН ВОО, Но 


At the endpoint, the number of equivalents of base added — (ће normality 
of the base times its volume in liters, or (МИ) —15 equal to the number of equivalents 
of acid. From the weight of the sample of acid and its number of equivalents, the 
neutralization equivalent can be calculated. 


NV = no. of equivalents of OH- = no. of equivalents of acid 


wt. in g of acid 


neutralization equivalent of acid — - - 
no. of equivalents of acid 


Example: А 0.528-g sample of a carboxylic acid requires 24.00 mL of 0.100N NaOH 
to be neutralized. What is its neutralization equivalent? 


equivalents acid = equivalents OH 7 

-NV 
(0.100 eq./liter(0.0240 liter) 
= 0.00240 eq. 


ii 


wt. Ing 


neutralization equivalent = - 
no. of equivalents 


_ 0.5288 
~ 0.00240 eq. 
- 220 
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Ifa carboxylic acid has only one acidic proton per molecule, the neutralization 
equivalent equals the molecular weight. If an acid has two acidic protons, the 
neutralization equivalent is only half the molecular weight, 


(Q) con но,с—( con 


83.0 
166.1 


neutralization equivalent : 
molecular weight: 


Nh 
ы r3 


1221 
222.3 


STUDY PROBLEMS 


12.7. А 0.200-g sample of an unknown acid requires 13.00 mL of 0.201 N sodium 
hydroxide solution to reach neutrality. What is the neutralization equivalent of 
the acid? 


12.8. What are the equivalent weights of: 
CH,CO,H 


(a) succinic acid, НО,ССН,СН,СО,Н (Б) citric acid, HOCCO,H 
CH,CO,H 


SECTION 12.6. 


Salts of Carboxylic Acids 


The reaction of a carboxylic acid with a base results in a sa/t. An organic salt has 
many of the physical properties of its inorganic counterparts. Like NaCl or 
KNO,, an organic salt is high-melting, water-soluble, and odorless. 


HCO,H + Na* OH- —— НСО, Nat+H,0 


formic acid sodium formate 
{сон + Na* HCO, —— {со Na* + H,O + CO, 
cyclohexane- sodium cyclohexane- 
carboxylic acid carboxylate 


The carboxylate anion is named by changing the -ic acid ending of the 
carboxylic acid name to -ate. In the name of the salt, the name of the cation pre- 
cedes the name of the anion as a separate word. 


GH.GO;H “ООО Ма (C)-co.n (Oeo NH,* 


шы о benzoic acid ammonium benzoate 
NH; NH; 
"8 cci, EPIS HO,CCH CH }CHCO, Ма“ 
glutamic acid monosodium glutamate 


an amino acid found in proteins a flavor enhancer (MSG) 


7 
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The carboxylate ion is a weak base and can act as a nucleophile. Esters, for 
example, may be prepared by the reaction of reactive alkyl halides and car- 
boxvlates (see Chapter 5). 


C.H; 
и ae Y x 
CH,;CO. + CH.—Br C,H;,;CH,0,CCH, + Вг” 
acetate ion benzyl bromide benzyl acetate 


an ester 


SECTION 12.7. 


How Structure Affects Acid Strength 


Acid strength is a term describing the extent of ionization of an acid: the 
greater the amount of ionization, the more hydrogen ions are formed, and the 
stronger is the acid. The strength of an acid is expressed as its A, or its pX, (see 
Table 12.5). (You may want to review the discussion of K, and pK, in Section 1.10 
before proceeding.) In this section, we will discuss the general structural features 
that affect the acid strength of an organic compound. Our emphasis will be on 
carboxylic acids, but we will not limit the discussion to just these compounds. 
The reaction of a weak acid with water is reversible. The equilibrium lies on 
the lower-energy side of the equation. Any structural feature that stabilizes the 


TABLE 12.5. рк. values for some carboxylic acids 


Trivial name Structure pK, 
formic HCO;H 3#75 
acetic CH;CO,H 4.75 
propionic CH;CH;CO;H 4.87 
butyric CH4(CH;);CO;H 4.81 
uimethylacetic (CH;);CCO,H 5.02 
fluoroacetic FCH;CO;H 2.66 
chloroacetic CICH;CO;H 2.81 
bromoacetic ВгСН,СО,Н 2.87 
iodoacetic ICH;CO;H Bats 
dichloroacetic CI; CHCO;H 1.29 
trichloroaceuc Cl,CCO,H 0.7 

x-chloropropionic CH;CHCICO;H 2.8 

B-chloropropionic CICH;CH;CO;H 4.1 

ii 
lactic CH;CHCO;H 3.87 


vinylacetic CH,=CHCH,CO,H 4.35 
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anion with respect to its conjugate acid increases the acid strength by driving the 
equilibrium to the H,O* and anion (A ) side. 
x lower energy means 


НА + HO = IO) mee A stronger acid 


The principal factors that affect the stability of A^ , and thus the acid strength 
of HA, are: (1) electronegativity of A^ ; (2) size of A” ; (3) hybridization of A ^ ; 
(4) inductive effect of other atoms or groups attached to the negative atom in 
A ; (5) resonance-stabilization of A ^ ; and (6) solvation of A . We will discuss 
each of these features in turn, but keep in mind that they do not work independently 
of one another. 


A.  Electronegativity 


A more electronegative atom holds its bonding electrons more tightly than does 
a less electronegative atom. In comparisons of anions, the anion with a more 
electronegative atom carrying the negative ionic charge is generally the more 
stable anion. Therefore, as we proceed from left to right in the periodic table, we 
find that the elements form progressively more stable anions and that the conjugate 
acids are progressively stronger acids. 


C N O F 
increasing electronegativity of elements 


R,C—H  R,N—H  RO—H  F—H 
increasing acid strength 


Just the reverse is true when we consider the base strengths of the conjugate 
bases. The anion of a very weak acid is a very strong base, while the anion of a 
stronger acid is a weaker base. 


вс RN o RO F- 
increasing base strength 


Consider, for example, the ionization reactions of ethanol and HF in water. 
As an element, F is more electronegative than О; thus, a fluoride ion is better able 
to carry a negative charge than is the alkoxide ion. Although HF 15 a weak acid, 
it is a much stronger acid than ethanol. Conversely, the fluoride ion is a weaker 
base than the ethoxide ion. 


GH GH OH 0, «== с. SL о 


weaker acid stronger base 


pK, = 16 

He Ano. — —* F© +Н;О* 
stronger acid weaker base 
pK, = 3.45 


B. Size 


A larger atom is better able to disperse a negative charge than is a smaller atom. 
Dispersal of a charge results in stabilization. Thus, as the size of an atom attached 
to H increases through a series of compounds in any group of the periodic table, 
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the stability of the anion increases and so does acid strength. Because of the small 
size of the fluorine atom, HF is a weaker acid than the other hydrogen halides, even 
though fluorine is more electronegative than the other halogens. 


F CI Br 1 
increasing ionic radii 


НЕ HCI HBr HI 
pÉ, 345 =) =5 -9.5 
increasing acid strength 


C. Hybridization 


In Section 9.1. we discussed why an alkyne with a =CH group is weakly 
acidic. The increasing s character of the hybrid orbitals of carbon in the series 
sp? — sp? — sp means increasing electronegativity of the carbon, and thus increas- 
ing polarity of the CH bond and increasing acid strength. A greater electro- 
negativity of the atom bonded to H also enhances anion stability and thus the 
acidity of the compound. For these reasons, an alkynyl proton is more acidic than 
an alkenyl proton, which. in turn, 15 more acidic than the proton of an alkane. 


СН.СН, CH,=CH, CH= GEI 
approx. рК: 43 36 26 
increasing acid strength 


Again, the strongest acid of the series yields the anion that 15 the weakest 
base. 
CH,CH, Cheers CHE- 
increasing base strength 


D. Inductive effect 


So far, we have discussed how the atom bonded directly to a hydrogen affects 
acid strength. However, other parts of a molecule can also affect acid strength. 
Compare the pK, values for acetic acid and chloroacetic acid: 


CH,CO;H CICH;CO;H 
acetic acid chloroacetic acid 
pk, 2475 pK, = 2.81 


As an acid, chloroacetic acid is one hundred times stronger than acetic 
acid! This enhanced acidity arises from the inductive effect of the electronegative 
chlorine. In the un-ionized carboxylic acid, the electron-withdrawing CI decreases 
the electron density of the x carbon. The result is a relatively high-energy structure 
with adjacent positive charges. 


O 


я I -— 
'"Q-gH,-coH "diacenróg changes 
м. Е destabilize acid 
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The presence of the chlorine, however, reduces the energy of the anion. In 
this case, the negative charge of the carboxylate group is partially dispersed by the 
nearby 6+ charge. 

i 
fg noeud nearby д + and 


д 5 
hos d = charges stabilize anion 


The effect of an electronegative group near the carboxyl group is to strengthen 
the acid by destabilizing the acid and stabilizing the anion relative to each other. 


i i 
CICH, COH +Н,@ = Gl LG ol a 


less stable more stable 


A list of groups in order of their electron-withdrawal power follows: 


Gh =" —"Gal—ca— wc MSS 
increasing power of electron-withdrawal 


The рК, values of the following carboxylic acids reflect the differences in 
electron-withdrawal by groups attached to —CH,CO,H: 


CH,CH,CO,H CH;CO,H CH,=CHCH,CO,H C4H,CH,COH HOCH,CO,H CICH,CO,H 
pK,: 4.87 4.75 4.35 4.31 3.87 2.81 
increasing acid strength ; 


Additional electron-withdrawing groups amplify the inductive effect. 
Dichloroacetic acid is a stronger acid than is chloroacetic acid, and trichloroacetic 
acid is the strongest of the three. 


CICH;CO;H Cl,CHCO,H CI; CCO;H 
chloroacetic acid dichloroacetic acid trichloroacetic acid 
PR = 28l йк = 1299 pk, —07 


The influence of the inductive effect upon acid strength diminishes with an 
increasing number of atoms between the carboxyl group and the electronegative 
group. 2-Chlorobutanoic acid is a substantially stronger acid than butanoic acid 
itself; however, 4-chlorobutanoic acid has a pK, value very close to that of the 
unsubstituted acid. 


Cl Cl Cl 


| | 
CH,CH,CH,CO,H  CH,CH,CH,CO;H CH,CHCH,CO,H = CH,CH,CHCO;H 
4.8 4.5 4.0 2.9 


increasing acid strength as distance between —СІ апа —CO,H decrease 


pKa: 
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STUDY PROBLEM 


Which i5 the stronger acid: (а) phenylacetic acid or bromoacetic acid? 
(b) dibromoacetic acid or bromoacetic acid? (c) 2-iodopropanoic acid or 
3-icdopropanoic acid? 


E.  Resonance-stabilization 


Alcohols, phenols, and carboxylic acids all contain OH groups. Yet these classes 
of compounds vary dramatically in acid strength. The differences may be attrib- 
uted directly to the resonance-stabilization (or lack of it) of the anion with respect 
to its conjugate acid. 


ROH ArOH RCO,H 
approx. pA,: 18 10 5 


In the case of alcohols, the anion is not resonance-stabilized. The negative 
charge of an alkoxide ion resides entirely on the oxygen and is not delocalized. 
At the opposite end of the scale are the carboxylic acids. The negative charge of the 
carboxylate ion is equally shared by two electronegative oxygen atoms. Phenols 
are intermediate between carboxylic acids and alcohols in acidity. The oxygen of a 
phenoxide ion is adjacent to the aromatic ring and the negative charge is partially 
delocalized by the aromatic pi cloud. 


An alkoxide: CH;CH,O7 no resonance-stabilization 


A phenoxide: 


Ce — ee н Qe 
5 С 


major contributor 


«©: бг 
ы з. | 
A carboxylate: CH,C—0Ọ: =» CH,C=0: 


equal contributors 


Е. Solvation 


The solvation of the anion can play a major role in the acidity of a compound. 
By associating with an anion, solvent molecules stabilize the anion by helping dis- 
perse the negative charge through dipole-dipole interactions. Any factor that in- 
creases the degree of solvation of the anion increases the acidity of that compound 
in solution. For example, water has a greater ability to solvate ions than does 
ethanol. A water solution of a carboxylic acid is more acidic than an ethanol 
solution by a factor of about 10°! 


SECTION 12.8. 


Acid Strengths of Substituted Benzoic Acids 


You might expect that resonance-stabilization by the aromatic pi cloud 
would play a large role in the relative acid strengths of benzoic acid and sub- 
stituted benzoic acids— however. this is not the case. The negative charge of the 
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carboxylate ion is shared by the two carboxylate oxygen atoms but cannot be 
effectively delocalized by the aromatic ring. (The oxygens of the carboxylate 
anion are not directly adjacent to the aromatic ring; resonance structures in which 
the negative charge is delocalized by the ring cannot be drawn.) 


(0: ic 


au (усе 


Even though the negative charge of the benzoate ion is not delocalized by the 
benzene ring, benzoic acid is a stronger acid than phenol. In the benzoate ion, the 
negative charge is equally shared by two electronegative oxygen atoms. In the 
phenoxide ion, however, most of the negative charge resides on the single oxygen 
atom. 

Because the benzene ring does not participate in resonance-stabilization 
of the carboxylate group, substituents on a benzene ring influence acidity primarily 
by the inductive effect. Regardless of the position of substitution, an e/ectron- 
withdrawing group usually enhances the acidity of a benzoic acid (see Table 12.6). 


TABLE 12.6. pK, values for some benzoic acids 


Position of substitution 


versus pK, 
Acid" ortho meta para 
(Qeon 42 42 42 


© 
T 


29 


сон ло 4.3 4.4 


HO 
COS 30 4.1 4.5 


COH 41 4.1 4.5 


я 
b^ 


dc 


29 3.8 40 


б 


© © 


СО,Н 29 3.8 40 


CO;H 22 355 3.4 


* A bond to the center of a benzene ring denotes an unspecified position of substitution. 


— = 
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Cl CI 
О-о (Qe TORA 


all are stronger acids than benzoic acid 


The reasons that an electronegative substituent increases the acid strength 
are, again, destabilization of the acid and stabilization of the anion. 


oc —-H* 
ом (С) бон g= > TOR 


destabilized hi stabilized Ьу 


elec tron-wuthdrawal clectron-withdrawal 


An electron-releasing alkyl substituent that is m- or p- to the carboxyl 
group decreases the acid strength of a benzoic acid. By releasing electrons, the 
substituent stabilizes the un-ionized acid and destabilizes the anion. 


m- or p-alkvl group decreases 
coH TORA acid strength 


Almost all ortho-substituents (whether electron-releasing or electron- 
withdrawing) increase the acid strength of a benzoic acid. The reasons for this 
ortho-effect, as it is called, are probably a combination of both steric and electronic 


factors. 
X 
О o-substituents increase 
acid strength 
CO,H 
SAMPLE PROBLEM 


In Table 12.6 you will notice that p-hydroxybenzoic acid is a weaker acid than 
benzoic acid, even though the hydroxyl group is electron-withdrawing. Suggest a 
reason for this. (Hint: Write resonance structures for the anion showing the 
delocalization of unshared electrons on the OH oxygen by the benzene ring.) 


R 


Solution: The lowering of the acid strength is an example of 
resonance-destabilization of the benzoate anion. The key is in the circled 
structure, in which the negative charge is adjacent to the —CO,;^ group. This 
resonance structure lends high energy to the anion. 


r1 4 
LUN - " 
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STUDY PROBLEMS 


(a) Would you expect m-isopropylbenzoic acid to be a stronger or a weaker 
acid than benzoic acid? 

(b) Which would be the stronger acid, -nitrobenzoic acid or 
3,5-dinitrobenzoic acid? 


The pK, of o-methoxybenzoic acid is 4.1. It is a stronger acid than benzoic acid 
because of the ortho-effect. However, o-hydroxybenzoic acid (salicylic acid) is ten 
times stronger an acid than the methoxy acid —its pK, is 3.0. Write the structures 
of the two anions and suggest why the hydroxyl group has the greater stabilizing 
effect. 


Rank the following hydrocarbons in order of increasing acidity of the methyl 
hydrogen (weakest acid first): (а) diphenylmethane; (b) triphenylmethane; 
(c) toluene; (d) methane. 


SECTION 12.9. 


Esterification of Carboxylic Acids 


An ester of a carboxylic acid is a compound that contains the —CO,R group, 
where R may be alkyl or aryl. An ester may be formed by the direct reaction 
of a carboxylic acid with an alcohol, a reaction called an esterification reaction. 
Esterification is acid-catalyzed and reversible. 


General: 
i i 
RCOH + КОН === RCOR' + H,O 


a carboxylic acid ап alcohol an ester 


O O 

|] Н*, heat | 
CH,COH + CH,CH;OH => CH3COCH,;CH, + H,O 
acetic acid ethanol ethyl acetate 

О О 

| H* heat | 

СОН + НО ЕЕ CO + H,O 

benzoic acid cyclohexanol cyclohexyl benzoate 


The rate at which a carboxylic acid is esterified depends primarily upon the 
steric hindrance in both the alcohol and the carboxylic acid. The acid strength 
of the carboxylic acid plays only a minor role in the rate at which the ester is formed. 


Reactivity of alcohols toward esterification: 


СН.ОН > 1° > 2° > 3° 


Reactivity of carboxylic acids toward esterification: 


HCO,H > CH,CO,H > RCH,CO,H > R,CHCO,H > R,CCO;H 
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Like many reactions of aldehydes and ketones, esterification of a carboxylic 
acid proceeds through a series of protonation and deprotonation steps. The 
carbonyl oxygen is protonated, the nucleophilic alcohol attacks the positive 
carbon, and elimination of water yields the ester. 


©: *Он :OH OH 
" H7 1 .. ыу ROH lay ee эң” 
RC—OH RC—OH ——— ГС, oo 
ROH 
OH OH «ӧн *ÓH О 
ҮС с — Hye n ll Eu ll. 
RC—OH RCOH;| = | RC’ —— RC RCOR 


R'O: RO: RO: RO: 


We may summarize this mechanism in the following way: 


О ОН О 


| H* | | 
ROGER + ККӨН ==> Есон = RCOR + H,O 
a carboxylic учи ап ester 


acid 


Note that in an esterification reaction, it is the C—O bond of the carboxylic 
acid that is broken and not the O—H bond of the acid nor the C—O bond of the 
alcohol. Evidence for the mechanism is the reaction of a labeled alcohol such as 
CH;!*OH with a carboxylic acid. In this case, the !*O stays with the methyl 
group. 

C—O bond not broken 


О 
ll \ He | 
о (Cn, "om =—— pem P rei 
i 
(С) "осн, но 


STUDY PROBLEM 


12.13. Write the complete mechanism for the esterification of acetic acid with CH ,!*OH. 


The esterification reaction is reversible. To obtain a high yiela of an ester, 
we must shift the equilibrium to the ester side. One technique for accomplishing 
this is to use an excess of one of the reactants (the cheaper one). Another technique 
is to remove one of the products from the reaction mixture (for example, by the 
azeotropic distillation of water). 

As the amount of steric hindrance in the intermediate increases, the rate of 
ester formation drops. The yield of ester also decreases. The reason is that esterifi- 
cation is a reversible reaction and the less hindered species (the reactants) are 
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favored. If bulky esters are to be prepared, it is better to use another synthetic 
route, such as the reaction of an alcohol with an acid anhydride or an acid chloride, 
which are more reactive than the carboxylic acid (see Chapter 13) and undergo 
irreversible reactions with alcohols. 

Phenyl esters (КСО,С,Н;) are not generally prepared directly from phenols 
and carboxylic acids because the equilibrium favors the acid-phenol side rather 
than the ester side. Phenyl esters, like bulky esters, can be obtained by using the 
more reactive acid derivatives. 


STUDY PROBLEMS 


12.14. Predict the esterification products of: (a) p-toluic acid (page 570) and 
2-propanol; (b) terephthalic acid (p-HO,C—C,H,—CO,H) and excess 
ethanol; (c)acetic acid and (R)-2-butanol. 


12.15. 4-Hydroxybutanoic acid spontaneously forms a cyclic ester, or lactone. What is 
the structure of this lactone? 


SECTION 12.10. 


Reduction of Carboxylic Acids 


The carbonyl carbon of a carboxylic acid is at the highest oxidation state it 
can attain and still be part of an organic molecule. (The next higher oxidation 
state is in СО, .) Other than combustion or oxidation by very strong reagents, 
such as hot H5SO;-CrO, (cleaning solution), the carboxylic acid group is inert 
toward further oxidative reaction. 

Surprisingly, the carboxylic acid group is also inert toward most common re- 
ducing agents (such as hydrogen plus catalyst). This inertness made necessary the 
development of alternative reduction methods, such as conversion of the carboxylic 
acid to an ester and then reduction of the ester. However, the introduction of 
lithium aluminum hydride (LAH) in the late 1940's simplified the reduction be- 
cause LAH reduces a carboxyl group directly to а —CH,OH group. (Other 
carbonyl functionality in the molecule is, of course, reduced as well; see Section 
11.14.) 

CH,CO;H — 5 CH,CHjOH 


acetic acid ethanol 


(1) LIAIH, 
Qeon -amo (Omon 


benzoic acid benzyl alcohol 


STUDY PROBLEM 
12.16. Give the structures for the LAH reduction products of: 


(a) { co: (b) о— )-созн 
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SECTION 12.11. 


Polyfunctional Carboxylic Acids 


Dicarboxylic acids and carboxylic acids containing other functional groups 
often show unique chemical properties. In this section, we will consider a few of 
the more important of these polyfunctional carboxylic acids. Hydroxy acids will 
be mentioned in Chapter 13, and amino acids will be discussed in Chapter 19. 


A. Acidity of dibasic acids 


A dibasic acid is one that undergoes reaction with two equivalents of base. 
The term diprotic acid (two acidic protons) would perhaps be a better term to 
describe such a compound. In general, dibasic carboxylic acids have a chemistry 
similar to that of the monocarboxylic acids, but let us examine a few of the dif- 
ferences. 

With any dibasic acid (inorganic or organic), the first hydrogen ion is removed 
more easily than the second. Thus, К, (the acidity constant for the ionization of the 
first Н?) is larger than А’, (that for the ionization of the second Н *), and the value 
for pK, is smaller than that for pK, . The difference between pK, and pK; decreases 
with increasing distance between the carboxyl groups. (Why?) The first and 
second pK, values for a few diacids are listed in Table 12.7. 


HO GCH COH -HO == НО СОСН ОСО AHO 
malonic acid 
pA, = 283 


HOCH COL LT HO = ОсОО ано + 
рК. = 5.69 


TABLE 12.7. pK; values for some diacids 


Trivial name? Structure рК, рК, 
охайс HO,C—CO,H 1.2 4.2 
malonic HO,CCH,CO,H 2.8 S 
succinic HO,C(CH;),CO,H 4.2 5.6 
glutaric HO;C(CH;),CO;H 4.3 5.4 
adipic HO;C(CH;),CO;H 4.4 5.4 
pimelic НО,С(СН,),СО,Н 4.5 5.4 
CO;H 


o-phthalic pA 55 
CO;H 


* To memorize the trivial names of the diacids with two to seven carbons, note that the 
first letters (о, m. s. g. a, p) fit the phrase: " Oh my, such good apple pie." 
(o-Phthalic acid is. of course. not part of the homologous series.) 
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B. Anhydride formation by dibasic acids 


An anhydride of a carboxylic acid has the structure of two carboxylic acid molecules 
joined together with the loss of water. 


O О О О 
| | | | 
RC—OH HO— CR RC-—O-— GR 

two carboxylic acids an anhydride 


Although it would seem reasonable at first glance, heating most carboxylic 
acids to drive off water does not result in the anhydride. (The reactions that do lead 
to anhydrides will be discussed in Section 13.4.) Exceptions are dicarboxylic acids 
that can form five- or six-membered cyclic anhydrides. These diacids yield an- 
hydrides when heated to 2007-300". 


n О 
CH;COH 300? 
| = 9 О + H,O 
CH,COH 
| О 
succinic acid succinic anhydride 
CH,CO,H p 
300* 
CH; —— O T H;O 
CH;CO;H 
О 
glutaric acid glutaric anhydride 
H СО,Н О 
ГЕ À 
200° 
|| > | О + HO 
ON 
H CO,H O 
maleic acid maleic anhydride 


A five- or six-membered cyclic anhydride may also be synthesized by heating 
the appropriate diacid with acetic anhydride. This reaction 1s the result of an equi- 
librium between a more stable, cyclic anhydride with a less stable, open-chain 
anhydride. Removing the acetic acid by distillation helps drive the reaction to 


completion. 
Н \ i heat Ө 
О FCH COCUT === Ò +2 CH;CO,H 
CO,H acetic 
anhydride O 


Polytunctional Carboxylic Acids Section 12.11. 593 


STUDY PROBLEMS 


12.17. o-Phthahc acid (Table 12.7) forms a cyclic anhydride when heated at 200°. What 
is its structure? 


12.18. When adipic acid (hexanedioic acid) is heated with a strong dehydrating agent 
such as Р.О. . a cyclic anhydride is not formed. Instead, a polymeric product is 
obtained. What is the structure of this polymer? 


C. Decarboxylation of B-keto acids and B-diacids 


Simply heating most carboxylic acids does not result in any chemical reaction. 
However, a carboxylic acid with a f carbonyl group undergoes decarboxylation 
(loss of CO;) when heated. (The temperature necessary varies with the individual 
compound.) 


O О О 


| 


Сепега!: ВОЄН СОН RGO Go: 


a p-kete acid a ketone 
O 
| | heat | 
CH,CCH,;COH ———— СН.ССН, + CO; 
О 
ll 


O O 
| heat | 
CCH,COH — сане HEO, 


Decarboxylation takes place through a cyclic transition state: 


f 
О у TO oo OH! е O 
T C [ 1 | l| со, | 
RC 4), C=O RC, С=О RC О = коон, 
С GC N 
H, H; 4 (SEIS 
transition state ow "nsn 


Note that the cyclic transition state requires only a carbonyl group beta to 
the carboxyl group. This carbonyl group need not necessarily be a keto group. A 
B-diacid also undergoes decarboxylation when heated. Decarboxylation of sub- 
stituted malonic acids is especially important in organic synthesis, and we will 
encounter this reaction again in Chapter 14. 


О О 


{| || 
n- oe cuccon —* 


| 
CH;CH;CH;COH + CO; 
CH;CH; butanoic acid 


ethylmalonic acid 
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STUDY PROBLEM 


12.19. Write the mechanism for the decarboxylation of ethylmalonic acid. 


A few a-carbonyl acids, such as oxalic acid, can also undergo decarboxylation. 
The decarboxylation of a-keto acids is common in biological systems in which 
enzymes catalyze the reaction. 


B 
нос n. — "ea HCO- H- + со. 
oxalic acid formic acid 
O 
enzymes 


| | | 
CHC HOH — — CHCH - C0, 


pyruvic acid acetaldehyde 


formed in glucose 
metabolism 


STUDY PROBLEM 


12.20. Predict the product (if any) when each of the following acids is heated: 


О 
(a) CH;(CO;H) (b) or КОЛОТ 
бн, 
О О 


| | 
(с) wg us (d) CH,;CCH,CH,CH,CO,H 
CHECHE 


О. a,f-Unsaturated carboxylic acids 


An isolated double bond in an unsaturated carboxylic acid behaves independently 
of the carboxyl group. A conjugated double bond and carboxyl group, however, 
may undergo typical 1,4-addition reactions. These reactions take place in the same 
fashion as those of x,fj-unsaturated aldehydes or ketones (Section 11.19). 


©, Ho О 
CN + CH;—CH--C—OH —— |МССН,СН=СОН| ==> NCCH;CH;CO: 
аа" с 


ап enol 


с CO,H ЩЕ 
к. M n | 


МН, + MU em -QO,CCHCH;CO;H 
HO;C H aspartic acid 
fumaric acid an amino acid found 


in proteins 
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STUDY PROBLEM 


12.21. A double bond in conjugation with an aldehyde or ketone may undergo 
nucleophilic attack at the fj position by a Grignard reagent (Section 11.19). What 
products would you expect from the reaction of 2-pentenoic acid with 
phenylmagnesium bromide? (Be careful: check Section 6.11.) 


SECTION 12.12. 


Use of Carboxylic Acids in Synthesis 


The types of products that can be obtained from carboxylic acids are shown in 
Table 12.8. In many of these reactions, an acid halide or an acid anhydride gives 
better yields; esterification is such a reaction. However, the acids themselves are 
usually more readily available. Therefore, a chemist must balance time and 
expense versus yield. 


TABLE 12.8. Compounds that can be obtained from carboxylic acids 


Section 
Reaction Product reference 
Neutralization :° 
КООН №" OH» — 29. RCO; Nat carboxylate salt — 12,5, 12.6 
Esterification: 
H* 
NCO HAIR OH > КСО,К' ester 12.9 
Reduction: 
(1) ИАН. 
RCO;H um | RCH OH 1° alcohol 12.10 


(2) H,O 
Anhydride formation: 


О 
PT di zm 


{| 
(CH,C),0 


HO,C(CH;),CO,H ena "© O cyclic anhydride 12.11B, 
и NS й 
where n= 2 ог 3 (CH3), 13.4B 
Decarboxylation: 
О 
|| heat | 
ЕССК COH === коснк”, ketone I2 ШКЕ 
HO;CCR;CO;H fit, R;CHCO;H carboxylic acid 12.11C 
1.4-Addition: 


R,C=CHCO,H + НМ ——— кш: f. substituted 12.11D 


carboxylic acid 
Nu 


(continued) 
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TABLE 12.8. (continued) 
Section 
Reaction Product reference 
Acid halide formation:^ 
i 
RCO- H F SOGE ог PEG ВОС acid halide 13.3B 
x Halogenation: 
PCI З 
RCH,CO,H + Cl, ——— RCHCICO;H x-chloro acid 13.3C 
a Carboxylate salts can be used to make esters by S42 reactions with reactive halides: 
RCO, + ЕХ ——— RCO,R’ (бее Section 5.11.) 
? Acid halides may be used to make a variety of compounds, including anhydrides and 
esters. These reactions are discussed in Chapter 13. 
STUDY PROBLEMS 
12.22. Show two routes to methyl butanoate from butanoic acid. 
12.23. Show by flow equations how you would make the following conversions: 


(a) propanoic acid ————  butanoic acid 
(b) 3-chloropropanoic acid butanedioic acid 


o ОО — Оч 


Summary 


Carboxylic acids (КСО,Н) undergo hydrogen bonding to form dimers, a structural 
feature that has an effect on their physical and spectral properties. 

Carboxylic acids may be synthesized by: (1) the Aydrolysis of their derivatives 
(esters, amides, anhydrides, acid halides, or nitriles); (2) oxidation of primary 
alcohols, aldehydes, alkenes, or alkylbenzenes; and (3) Grignard reactions of RMgX 
and CO,. 

Carboxylic acids are one of the few general classes of organic compounds that 
is more acidic than H,CO;; carboxylic acids undergo reaction with HCO,- 
Carboxylate salts result from the reaction of a carboxylic acid with base. 


RCO,H + NaOH RCO,” Na* + H,O 


a carboxylic a base a sodium 
acid carboxylate 
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The strength of an acid is determined by the relative stabilities of the acid and 
its anion. Acid strength is affected by electronegativity (НЕ > ROH > R;NH > 
RH); by size (HI > HBr > НСІ > HF); and by hybridization (=CH > =СН, 
> —CH;). The inductive effect of electron-withdrawing groups causes an in- 
crease in acid strength (CICH,CO,H > СН,СО,Н). Resonance-stabilization of 
the anion also strengthens an acid (RCO,H > ArOH > КОН). The anion of an 
acid can be partially stabilized by solvation—increased solvation ot the anion 
strengthens an acid. 

The strength of a benzoic acid is determined largely by inductive effects be- 
cause the —CO,~ group does not enter into resonance with the aromatic ring. 
Electron-withdrawing substituents strengthen the acid, while electron-releasing 
groups weaken the acid. Substitution at the o-position almost always increases 
acid strength. 


The reactions of carboxylic acids are summarized in Table 12.8, pages 
595—596. 


12.24. 


12.25. 


12.26. 


27. 


12.28. 


STUDY PROBLEMS 


Name the following acids and salts: 


(а) (CH;);CCO,H (b) TORA 


(c) CH,CH,CHBrCHBrCO,H (d) (CH;CH,CO,),Mg 


(e) | €t (( КОН CHBETGO Ма“ 


Give the structures for: (a) 4-iodobutanoic acid; (b) potassium formate; (c) disodium 
o-phthalate; (d)sodium benzoate; (е) m-methylbenzoic acid. 


Give the structure of each of the following groups: (а) propionyl group; (b) butyryl 
group: (с) m-nitrobenzoyl group. 


Show the principal types of hydrogen bonding (there may be more than one type) that occur 
in each of the following systems: (а) an aqueous solution of propanoic acid; (b)an 
aqueous solution of lactic acid, CH; CH(OH)CO;H. 


Show how vou could synthesize butanoic acid from each of the following compounds: 


(а) 1-Бготоргорапе (b) 1-butanol 
(c) butanal (d) 4-octene 


(e) CH,CH,CH,CO,CH,CH; (f) CH,CH,CH,CO,{_) 
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12.29. Suggest reagents for the following conversions: 


(a) H,NCH,CH,;CH,Br -a > * H;NCH;CH;CH,CO, 
(b) (CH43),CBr EIE (CH5),CCO;H 
(c) CH,CH,OH ине 


ОН 
Но Сие асот 


(d) BrCH,CH,CH,Br 


(f) C&H,Br СН, ВО 
О 
СО ОПЕ, i 
«Ote — Od 
sin 
О 


(h) CH4CH;CH;Br Е. CH,(CH,;),CO,H 


12.30. Predict the major organic products: 


CO,H 
(a) ol + excess NaOH ——> 
GO pH 


i 
(b) Си. Са ОНОН CO Na’ —— —2 
(c) CH COH F СО ЕЕЕ 
(d) СН,СО,Н + CH,NH, 
(e) CH;CO; + CICH,CO,H 
(Г) HO;CCH;CO;H + l equivalent NaHCO, 


OH 
(g) + 2 equivalents NaHCO; 
HO 


йй CCH.GOBH = Gey CO = — 
О сон шон 


12.31. Ifa 0.200M solution of pentanoic acid has a hydrogen-ion concentration of 0.0018447, what 
is the dissociation constant (K,) of the acid? (Hint: See Section 1.10.) 


12.32. A mixture contains p-ethylphenol, benzoic acid, and benzaldehyde. The mixture is dissolved 
in ether and washed with an aqueous solution of NaHCO,. The bicarbonate solution is 
Solution A. The mixture is then washed with an aqueous solution of NaOH (Solution B) 
and finally with water (Solution C). The remaining ether solution is Solution D. Identify the 
main organic components in Solutions A, B, C, and D. 


12.33. How would you separate each of the following pairs of compounds? 


(a) octanoicacid and ethyl octanoate 
(b) phenol and phenyl propanoate 
(c) phenol and cyclohexanol 


12.40. 


12.41. 
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. What is the neutralization equivalent of each of the following acids? 


OH | 
| 
(а) ЄН,СНСО,Н (b) ти 
lacne acid СН.СО,Н 


oxaloacenic acid 


. А 0.230-g sample of an unknown acid is titrated with a standardized NaOH solution that is 


0.307 M. The volume of the NaOH solution required to neutralize the acid is 11.00 mL. 
Which of the following acids could the sample be? 


(а) CH,CH,CH,CO,H (b) CH,CH.CO,H 
(c) HO.CCH,CO.H (d) HO,CCH,CH,CH,CH,CO,H 


CO.H 
(e) Ц 


CO.H 


- Calculate the pK, for each of the following acids (see Section 1.10): 


б) cis-C,H,CH—CHCO,H, К, = L3 x i07? 
(b) ines CJH.CH-CHCO,H. К, = 365 x 10^ 


. The pH of a 0.0100M solution of an acid was found to be 2.50. Calculate the K, of this acid. 


. How do you account for the following acidities? 


FCH,CO,H СІСН,СО,Н BrCH,CO,H 
pk, = 2.66 pK, = 281 TONY, 


. List the following compounds in order of increasing acid strength (least acidic first): 


(а) CH;CH,;CHBrCO,H (b) CH,CHBrCH;CO;H 
(c) CH,CH,CH,CO,H (d) CH,CH,CH,CH,OH 
(e) C,H,OH (© H,CO, 
(8) Br,CCO,H (h) H,O 


Which one of each of the following pairs of carboxylic acids is the stronger acid? 
(a) benzoic acid or p-bromobenzoic acid; (b) benzoic acid or m-bromobenzoic acid ; 
(c) m-bromobenzoic acid or 3,5-dibromobenzoic acid. Explain. 


Arrange the following compounds in order of increasing acidity (weakest acid first). Give a 
reason for your answer. 


p-nitrophenol p-methylphenol phenol 


. Which of the following acids is most acidic? least acidic? 


CO;H CO;H CO,H CO;H 


NO, NO, CH; NO, 
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12.43. In each pair, which is the stronger base? 


(а) CH,GH-—GH- or аша о 

(бу СГ or сог 

(o) СІСН,СО or Gl,GHCOS 

(d) (CH,);CO~ or (CH;);CCO,” 

(e) CH,CHCICO,- or CICH,CH,CO,- 


12.44. Suggest reasons why o-phthalic acid has a pK, of 2.9 and a pK, of 5.5, while terephthalic 
acid has a pK, of 3.5 and a pK; of 4.8. 


(COO ISI 

Q но,с—( ))-co.n 
CO;H 

o-phthalic acid terephthalic acid 


12.45. Complete the following equations, giving the organic products: 


H* 
(a) НСО,Н + ( он or 
(b) excess (Оу con + HOCH,CH,OH —— 
(c) (1) LiAlH, 
(2) H,O 
CO,H 


OH 


| E 
(d) (О сон + (5)-СН,СНСН,СН,СН, et 
i 
©) (Qeon +сн,сн,он 1. 
heat 


12.46. List the following acids and alcohols in order of increasing rates of reaction leading to the 
ester (slowest first). Explain your answer. 


(a) acetic acid with methanol and НСІ 
(b) cyclohexanecarboxylic acid with t-butyl alcohol and НС! 
(c) cyclohexanecarboxylic acid with ethanol and HCl 


12.47. Racemic 2-bromopropanoic acid undergoes reaction with (R)-2-butanol to produce an ester 
mixture. (a) What are the structures (stereochemistry included) of the esters? (Б) Are 
these esters enantiomers or diastereomers? 


12.48. What are the major organic products when the following compounds are heated? 


О CO,H 
x {С\гснен.сн.сн.сн, i О.) a 
CO,H 


CO.H 


12.55. 


12.56. 
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- One of the steps in the biological oxidation of glucose to СО, and H,O is the f 


decarboxylation of oxalosuccinic acid. What is the product of the decarboxylation? 
СОН 
HO,CCH;CHCCO;H 
1 


oxalosuccinic acid 


. Explain why the following compound does not undergo decarboxylation when heated: 


CO,H 


- Predict the major organic products: 


+ 


H 
(а) a concentrated solution (inert solvent) of HOCH,(CH,),CO,H ==> 


heat 
(b) a dilute solution (inert solvent) of НОСН.(СН,) СОН -—. : 
CO.H i ? 
eo] | b кессе Өен OC. Hs > 
О CO;H 

О 

| —' 
(d CH,CCH,CO,CH,CH, — > 


(e) (сон SiGe, 
(f) {сон Um = 


. Nicotinic acid (also called niacin), a B vitamin, can be obtained by the vigorous oxidation of 


nicotine (page 763). What is the structure of nicotinic acid? 


. Dacron is a synthetic polymer that can be made by the reaction of terephthalic acid 


(Problem 12.44) and 1.2-ethanediol. What is the structure of Dacron? 


- Compound A, C,H4O,. yields compound B, C;H,O;, when heated. The neutralization 


equivalent of A is 60 + 1, while that of В is 75 + 1. What are the structures of A and B? 


With СН as the only source of !^C, show how you would prepare the following labeled 
compounds: 


(а) €H,CH,€0, CH, (Б) '^CH,CO;H © CH,'^CO;H 


Write equations to show how benzoic acid can be converted to the following compounds: 


Br NH, 
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12.57. 


12.58. 


12.59. 


12.60. 


12.61. 


12.62. 


12.63. 
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Propose mechanisms for the following reactions: 
i a 
H* 
(а) CH,COH FH O == 5.006 + ЧО О 


vM" ес. ‹ 
b 
z CH,CO,H О 


ONG 


(1) OH- 


(c) BrCH4CH;,CH;CO,H естт 


(1) ОН. heat 
—— ————— 


OE мно 


C,H,CO,H 


When tartaric acid (page 148) is heated. it is converted to pyruvic acid. Write a flow 
equation to show the steps in this reaction. 


i 
CH,CCO,H 


pyruvic acid 


The salt of a carboxylic acid does not show carbonyl absorption at 1660-2000 cm ^! 


(5-6 um) in the infrared spectrum. Explain. 


Compound A, C,H40,, yielded Compound B, C, H4O,, when heated. When A was treated 
with an excess of methanol and a trace of sulfuric acid, Compound C, C4H,,0,, was 
obtained. Upon treatment with LiAIH, followed by hydrolysis, Compound A yielded 
Compound D, С,Н,О,. What are the structures of Compounds A, В, C, and D? 


Compound A (C;H,0,) dissolves in water to yield a neutral solution. Treatment of A with 
HIO, gives no reaction, but treatment with I; in aqueous NaOH, followed by acidification, 
yields B (С.Н 4,O,). An aqueous solution of B is acidic. What are the structures of A апа B? 


Suggest syntheses for the following compounds from compounds containing six or fewer 
carbons: 


GG; GEI. 
(a) CH4(CH4),CO,H (b) СНУ(СН„)„СНСН›СО,СН, 


СОН 
оте! 

Сан О О 
Suggest synthetic schemes for the following conversions: 


(a) ethyl propanoate from bromoethane as the only organic starting material 


О 


(b) omar from cyclopentanol 
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О 
(с) dabit from cyclopentanol 


SY 


12.64. Compound A (C,H,O,) was treated with LiAIH,. After hydrolysis, Compound B was 
isolated. The infrared spectrum of A and the nmr spectrum of B are shown in Figure 12.4. 
What are the structures of A and B? 


Wavelength (um) 


5 ^? 
100 22 Б 6 7 8 9-10 12 15 


һә 
ЕД 
w 
4 


5 


& 


А 


Percent transmittance 


г 
© 


4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (ст!) 


500 400 300 200 100 0 Hz 


80 — 70 6.0 5.0 40 3.0 20 DNE бро 


FIGURE 12.4. Spectra for Problem 12.64. 
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12.65. A chemist treated Compound А (C4,H;O;Br) with potassium t-butoxide in t-butyl alcohol. 
After acidification of the product mixture, the chemist isolated two isomeric products: 
B and C. The infrared spectrum of B and the nmr spectrum of C are shown in Figure 12.5. 
What are the possible structures of A, B, and C? 


Wavelength (um) 
2.5 3 4 5 6 7 8 Se di IR 15 


9 
Е 
2 
E 
£ 
E 
E 
8 
S 
2. 
а 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (ст!) 
500 400 300 200 100 0 Hz 


FIGURE 12.5. Spectra for Problem 12.65. 


СНАРТЕК 13 


Derivatives of 
Carboxylic Acids 


derivative of a carboxylic acid is a compound that yields a carboxylic acid 
upon reaction with water. 


O O 
| Н ^, heat | 
СН,СОСН,СН; + H,0 = СН.СОН + HOCH CH; 
ethyl acetate acetic acid 
O O 


heat 


|] |] 
СН.СМН, + H,0 + H* ——— СН.СОН + МН. * 
acetamide 


In this chapter, we will discuss acid halides, acid anhydrides, esters, amides, 
and nitriles. Table 13.1 shows some representative examples of these compounds. 
Note that all the derivatives except nitriles contain acyl groups, RCO—. In each 
case, an electronegative atom is attached to the carbonyl carbon of the acyl group. 
For this reason, the chemistry of each of these classes of compounds is similar. 


electronegative groups 


| НЕ: 
R—C—OR R—C-= R—C—NH, КСЕ 
an ester an acid halide an amide an anhydride 


Carboxylic acids and some of their derivatives are found in nature. Fats are 
triesters, waxes are monoesters, and proteins are polyamides, to name just a few. 
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TABLE 13.1. Some derivatives of carboxylic acids 


Examples 


Class Structure Trivial name 


acid halide CH;COCI acetyl chloride 
(O»-coa benzoyl chloride 
acid anhydride (CH;CO);,O acetic anhydride 
(O0) benzoic anhydride 
ester CH;CO,CH;CH, ethyl acetate 
(C)-co.chi methyl benzoate 
amide CH3;CONH, acetamide 
(С) сохи, benzamide 
nitrile CH;,CN acetonitrile 


(О) benzonitrile 


Acid halides are never found in nature, and anhydrides are found only rarely. 
One example of a naturally occurring anhydride is cantharidin, a cyclic anhydride 
found in Spanish flies. Cantharidin is an irritant of the urinary tract. The dried 
flies were used by the ancient Greeks and Romans as an aphrodisiac, and it 1$ also 
reputed to remove warts. 


Ке O 


cantharidin 


SECTION 13.1. 


Reactivity of Carboxylic Acid Derivatives 


Why are carboxylic acids, esters, and amides commonly found in nature, while 
acid halides and anhydrides are not? Why are the carboxylic acid derivatives 
different from aldehydes or ketones? We may answer these questions by consider- 
ing the relative reactivities of carboxylic acid derivatives and how they undergo 
reaction. 

The derivatives of carboxylic acids contain leaving groups attached to the 
acyl carbons, whereas aldehydes and ketones do not. Reagents generally add to the 
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carbonyl group of ketones and aldehydes, but substitute for the leaving groups of 
acid derivatives: 


sd о он 
HCN 
CH,CCH, сн,—с—Сн, 

CN 
моб оп O O 
| H.O Ш 

cu СЯ =. снс—он « uci 
as 


In Chapter 5. we mentioned that a good leaving group is a weak base. 
Therefore. Cl^ is a good leaving group. but OH апа ОК are poor leaving 
groups. The reactivity of carbonyl compounds toward substitution at the carbonyl 
carbon may be directly attributed to the basicity of the leaving group: 


О 
NH. OR OCR X 
decreasing basicity 
(increasing ease of displacement) 
О O O © О O 


| | | | 
се м. со мо жа 


increasing reactivity 


Acid chlorides and acid anhvdrides, with good leaving groups. are readily 
attacked by water. Therefore. we would not expect to find these compounds in the 
cells of plants or animals. Because of their high reactivity. however, these acid 
derivatives are invaluable in the synthesis of other organic compounds. À relatively 
nonreactive carboxylic acid may be converted to one of these more reactive 
derivatives and then converted to a ketone, an ester, or an amide (Figure 13.1). 

Esters and amides are relatively stable toward water. In the laboratory, 
these compounds require an acid or a base and, usually. heating to undergo reac- 
поп. In nature, enzymes can perform the functions of acid or base and heat. 


STUDY PROBLEM 


13.1. Both acetyl chloride and vinyl chloride (CH, —CHCI) have a chlorine atom 
attached to an sp? carbon. Suggest a reason why acetyl chloride is quite reactive. 
while vinyl chloride is almost inert to substitution reactions. 
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carboxylic acid ) 


acid halide 


| 


acid anhydride 


ketone | ester М amide | 


FIGURE 13.1. The synthetic relationship of acid halides and anhydrides to the other 
carboxylic acid derivatives. 


SECTION 13.2. 


Spectral Properties of Carboxylic Acid Derivatives 


The nmr spectra of carboxylic acid derivatives provide little information about 
the functionality in these compounds. The signals for « hydrogens of these 
carbonyl compounds are shifted slightly downfield from the signals for ordinary 
aliphatic hydrogens because of deshielding by the partially positive carbonyl 
carbon atom. Note that the х hydrogens of an acid chloride exhibit a greater 
chemical shift than those of the other acid derivatives. This large chemical shift 
arises from the greater ability of the Cl (compared to O or N) to withdraw electron 
density from nearby bonds. 


| | | 
CH,CN  CH,COCH,  CH,CNH,  CH,COH  CH.CCI 


ó in ppm: 2.00 2.03 2.08 2.10 2.67 


increasing chemical shift for « hydrogens 


The infrared spectra of acid derivatives provide more information about the 
type of functional group than do nmr spectra. With the exception of the nitriles, 
the principal distinguishing feature of the infrared spectra of all the carboxylic 
acid derivatives is the carbonyl absorption found at about 1630-1840 ст 7! 
(5.4-6 um). The positions of carbonyl absorption for the various acid derivatives 
are summarized in Table 13.2. Anhydrides and esters also show C—O absorption 
in the region of 1050-1250 cm ^! (8-9.5 ит). 


| | 1 1 1 
RCC] RCNH, RC—OR RC—O—CR 
k 


show C=O also show C—O 
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TABLE 13.2. Infrared carbonyl absorption tor carboxylic acid derivatives 


Position of absorption 


Class Structure ст! Ат 
i 
acid chloride RCCI 1785-1815 5.51-5.60 
NI 
| 
acid anhydnde RCOCR 1740-1840 5.45-5.75 
(usually two peaks) 
il 
| 
езїег RCOR 1740 5.75 
О 
ll 
amide RCNH. 1630-1700 5.9-6.0 


А. Acid chlorides 


The carbonyl infrared absorption of acid chlorides is observed at slightly 
higher frequencies than that of other acid derivatives. There is no other distinguish- 
ing feature in the infrared spectrum that signifies This is an acid chloride." See 
Figure 13.2 for the infrared spectrum of a typical acid chloride. 


Wavelength (um) 
25 3 4 5 6 7 8 9 10 12 15 


О 
I 


Percent transmittance 


20 
CH4(CH;)&CCI С=О to left of most С=О absorption 
E 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 


Wavenumber (ст!) 


FIGURE 13.2. Infrared spectrum of decanoyl chloride. 


B. Anhydrides 


A carboxylic acid anhydride, which has two C=O groups, generally exhibits a 
double carbonyl peak in the infrared spectrum. Anhydrides also exhibit a C—O 
stretching band around 1100 cm ^! (9 um). Figure 13.3 shows the infrared spectrum 
of a typical aliphatic anhydride. 


Percent transmittance 
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Wavelength (um) 


О 


Percent transmittance 


T | 
: (CH4CH,C),0 


double C=O 


0 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (cm ! ) 


FIGURE 13.3. Infrared spectrum of propanoic anhydride. 


C. Esters 


The carbonyl infrared absorption of aliphatic esters is observed at about 
1740 cm ^! (5.75 um). However, conjugated esters (either »,fj-unsaturated esters or 
2-aryl esters) absorb at slightly lower frequencies, about 1725 ст”! (5.8 ит). 
Esters also exhibit C—O stretching absorption in the fingerprint region. See 
Figure 13.4 for the spectrum of a typical ester. 


Wavelength (um) 


100 * 5 3 4 5 6 7 8 9 10 12 15 
60 
40 
о CH; 
2 "NI 
CH;CH,COCHCH, CH, 
[m 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 


Wavenumber (cm ! ) 


FIGURE 13.4. Infrared spectrum of sec-butyl propanoate. 


D. Amides 


The position of absorption of the carbonyl group of an amide is variable and 
depends upon the extent of hydrogen bonding between molecules. The infrared 
spectrum of a pure liquid amide (maximum hydrogen bonding) shows a carbonyl 
peak called the amide I bond around 1650 cm ^! (6.0 ит). (The spectra in Figure 
13.5 show this С=О peak.) As the sample is diluted with a nonhydrogen-bonding 
solvent, the extent of the hydrogen bonding diminishes, and the С=О absorption 
is shifted to a higher frequency (1700 cm ^! ; 5.88 ит). 

The amide П band appears between 1515-1670 cm ^! (6.0-6.6 ит), just to the 


Wavelength (um! 


002 5 3 4 Е 6 7 hi О I2 15 
50 

5 

c 

= 

= 00 

- о 

= 40 i 

3 CH4(CH;); CNH} 


20 
МН; С=О NH 
iiio 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (ст ! ) 
Wavelength (um) 
100 25 3 4 5 6 7 8 SI 12 15 


со 
о 


5 


О 
И 


Percent transmittance 


30 CH, CH;,CNHCH; 

20 

(= 10) NH 
A 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (cm !) 
Wavelength (um) 
2 ^ 

100 5) 3 4 5 6 7 8 9 10 120 15 


О 
I 


& 


Percent transmittance 


no NH CH4CH;CN(CH5CH3); 
40 
20 - 
no NH 
0 С=О 
3000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 


Wavenumber (ст !) 


FIGURE 13.5. Infrared spectra of a 1° amide (top), а 2? amide (center), and a 3° amide 
(bottom). 


right of the С=О absorption. This absorption arises from NH bending. Therefore, 
a disubstituted, or tertiary, amide does not show an amide II band. 


“Н no NH 
O 2 LN О y | 
NE i | 
RCNH, RCNHR RCNR, 
|= D 3° 
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The NH stretching vibrations give rise to absorption to the left of aliphatic 
CH absorption at 3125-3570 ст! (2.8-3.2 um). (This is about the same region 
where the NH of amines and OH absorb.) Primary amides (RCONH;) show а 
double peak in this region. Secondary amides (RCONHR), with only one NH 
bond, show a single peak. Tertiary amides (RCONR,), with no NH, show no 
absorption in this region. Figure 13.5 shows the infrared spectra of the three types 
of amides; compare the NH stretching and bending absorptions of these three 
compounds. 


E.  Nitriles 


The C=N absorption is found in the triple-bond region of the infrared spectrum 
(2200-2300 cm ';4.3-4.5 ит) and is medium to weak in intensity (see Figure 13.6). 


Wavelength (um) 


‘oo 3 4 5 6 7 i 0 12 15 
80 

3 

Е 

Е 60. 

= 40 

Е CH,CH,CH,CH,CN 
E i 

20 r 
DT 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 


Wavenumber (cm ^ 1 ) 


FIGURE 13.6. Infrared spectrum of pentanenitrile. 


STUDY PROBLEM 


13.2. An unknown has the molecular formula C;H,O,N. Its infrared and nmr spectra 
are given in Figure 13.7. What is the structure of the unknown? 


Wavelength (um) 
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e 
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FIGURE 13.7. Spectra tor Problem 13.2. 


SECTION 13.3. 
Acid Halides 


Acid fluorides, chlorides, bromides, and iodides all undergo similar reactions. 
Because acid chlorides are the most popular of the acid halides, we will limit our 
discussion to just these compounds. 


A. Nomenclature of acid chlorides 


Acid chlorides are named after the parent carboxylic acid with the -ic acid ending 
changed to -yl chloride. 


О О О 
| | Il 
CH,CCI CH,CH,CCI CH,CH,CH,CCI 
IUPAC: ethanoy! chloride propanoyl chloride butanoyl chloride 
trivial: acetyl chloride propionyl chloride butyryl chloride 


B. Preparation of acid chlorides 


Acid chlorides may be obtained directly from their parent carboxylic acids 
by reaction with thionyl chloride (SOCI;) or some other active halogenating agent, 
such as phosphorus trichloride (РС].): 


i i 
ll 
RCOH + SOCI, RCC] + SO, + HCl 
a carboxylic an acid 
acid chloride 
O 


| 
3 RCOH + РС, ———^ RGC Н,РО, 
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Note the similarity between these reactions and the corresponding reactions 
of alcohols (Section 7.7). 


CH,CH,OH + SOCI, ——— CH,CH,Cl + SO, + НСІ 


i | 
ОШ ООН 4500] — Есау sp bel 


STUDY PROBLEM 


13.3. Write an equation for the preparation of each of the following acid chlorides: 


O 


|! || | 
(a) CH,;GHJCC| («е сое СНС се 


C. Reactions of acid chlorides 


The acid halides are the most reactive of all the derivatives of carboxylic 
acids. The halide ion is a good leaving group. Attached to the positive carbon of a 
carbonyl group, it is displaced even more easily than when it is attached to an 
alkyl carbon. In the following general mechanism for the reaction of an acid 
chloride with a nucleophile, note that displacement of Cl” is not a simple displace- 
ment like an S42 reaction. Rather, the reaction consists of two steps: (1) addition 
of the nucleophile to the carbonyl group, followed by (2) elimination of the chloride 
ion. The result of this reaction is a nucleophilic acyl substitution, which means 
“nucleophilic substitution on an acyl (RCO—) carbon." 


Ö: SE 0: 
ei (1) addition S | <.. (2) elimination | 64 
REGE em REGI Rec Tua 
1 | | 
\Nu Nu Nu 


intermediate 


Hydrolysis. Cleavage by water, called hydrolysis, is a typical reaction of an 
acid chloride with a nucleophile. 


Nucleophilic айас к and elimination of CI. 


б: Os Ө: 
Я .. addition 3 a elimination || se 
CHSCCI-E НОЕ | CH,¢-—-Cl: | ————> НС + uk 
"c d | 
"OH; "OH; 
Loss of a proton: О 
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Overall reaction 


О О 


| ll 
GlisOUl. MIO CH,COH + HCI 


acetyl chloride acetic acid 


Although all acid chlorides undergo acidic and alkaline hydrolysis to yield 
carboxylic acids, their rates of reaction vary. An acid chloride that has a bulky 
alkyl group attached to the carbonyl group undergoes reaction more slowly than an 
acid chloride with a small alkyl group. For example, acetyl chloride reacts almost 
explosively with water, but butanoyl chloride requires gentle reflux. 

The effect of the size of the alkyl group on the reaction rate is one of solu- 
bility in water rather than steric hindrance. An acid chloride with a small alkyl 
group is more soluble and undergoes reaction faster. An increase in the size of 
the alkyl portion of the molecule renders the acid chloride less water-soluble; the 
reaction is slower. If hydrolysis of a variety of acid chlorides is carried out in an 
inert solvent that dissolves both the acid chloride and water, the rates of hydrolysis 
are similar. 

P О 
йы. dn c CH,CH,CC] сноса 
increasing rate of hydrolysis in pure Н>О 


SAMPLE PROBLEM 


Suggest a reason why benzoyl chloride 15 less reactive toward nucleophilic attack 
than most aliphatic acid chlorides. 


Solution: Conjugation of the carbonyl group can slow the rate of hydrolysis by 


dispersal of the positive charge on the carbonyl carbon. (A less positive carbon 
15 less attractive to a nucleophile.) 


T charge delocalized " К 
НОЕ :@: 
т | 
j {са =: 35; CCI 


STUDY PROBLEMS 


13.4. Suggest a mechanism for the hydrolysis of butanoy! chloride in dilute, aqueous 
NaOH. 


13.5. Complete the following equation and predict the position(s) of '*O in the 
product. Explain your answer. 


i 
(cei = бу —— 
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Reaction with alcohols. Acid chlorides undergo reaction with alcohols to 
yield esters and НСІ in a reaction that is directly analogous to hydrolysis. The 
reaction of an organic compound with an alcohol is referred to as alcoholysis. 
Alcoholysis of acid chlorides is valuable for the synthesis of hindered esters or 
phenyl esters. 


| | 
| 
CH,CC| + СНОН —— CH,COCH, + НСІ 


acetyl chloride methanol methyl acetate 


It is usually wise to remove НСІ from the reaction mixture as it is formed. 
The reason is that HCl can undergo reaction with the alcohol and produce alkyl 
chlorides or alkenes and water. A tertiary amine or pyridine is usually added as a 
scavenger for НСІ. 


| 
CH, CCI + (CH,),COH + (ON CELUM а 
t-butyl 
CH; alcohol pyridine 


2,4,6-trimethyl- 
benzoyl chloride 


Н.С о 
| 
CH; COC(CH3)3 + «мн: cu 
CH; pyridine 
i-butyl 2,4,6- hydrochloride 
trimethylbenzoate 
79% 


STUDY PROBLEM 


13.6. Write the mechanism for the reaction of butanoyl chloride with phenol in the 
presence of pyridine. 


Reaction with ammonia and amines. Ammonia and amines are good nucleo- 
philes. Like other nucleophiles, they undergo reaction with acid chlorides. The 
organic product of the reaction is an amide. As protons are lost in the deprotonation 
step, they react with the basic МН, or amine. For this reason, at least two equiv- 
alents of МН, or amine must be used. 


О O 


| || 
CH;,CCl* NH; ——> CH,CNH, + HCl 
NH 
ammonia а 1° amide L Nis, NH, C17 


O 
ll || 
CH,CCl + 2CH,;NH, > СН.СМНСН, + CH,NH,* СГ 


methylamine a 2^ amide 


a 1° amine 
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О О 
| 
CH,CCI + 2 (CH,);NH CH,CN(CH,), + (СН) МН, CI 


dimethylamine а 3° amide 


а 2° amine 


If an amine is expensive, a chemist may not want to use an excess in the reac- 
tion with acid chloride. Only one mole of amine is needed to undergo reaction with 
acid chloride; a second mole is wasted when it is acting merely as a scavenger for 
НСІ. In this case, the chemist will use another base to remove the НСІ. For example, 
an inexpensive tertiary amine might be used. (A tertiary amine is reactive toward 
НСІ, but cannot form an amide with an acid chloride. Why not?) 

If an acid halide (such as benzoyl chloride) is not very reactive toward water, 
aqueous NaOH may be added to remove HX. The reactants and the aqueous 
NaOH form two layers. As HX is formed, it undergoes reaction with NaOH in 
the water layer. This reaction of an acid chloride and an amine in the presence of 
NaOH solution is called the Schotten-Baumann reaction. 


то Н.О layer 


D il 
(Оса ас Шу ^_^ (О) ) + на 


benzovl piperidine an amide 
chloride $07, 


STUDY PROBLEM 


13.7. The Schotten- Baumann reaction is not applicable if the acid chloride and amine 
are water-soluble. What products would you expect from a mixture of acetyl 
chloride, methylamine. NaOH. and Н,О? 


Conversion to anhydrides. Carboxylate ions are nucleophiles, and carboxy- 
late salts (RCO,Na) can be used for displacement of the chloride of acid chlorides. 
The product of the reaction is an acid anhydride. 


О О 
| |] lu Il 
CH;(CH,);CC] + CH,(CH,),CO7 CH,(CH,);COC(CH,),CH,; + СГ 
heptanoyl chloride heptanoate ion heptanoic anhydride 
60% 


STUDY PROBLEM 


13.8. Write the mechanism for the reaction of sodium acetate and benzoyl chloride. 


Conversion to aryl ketones. Acid halides are usually the reagents of choice 
for Friedel-Crafts acylation reactions (Section 10.9E). This reaction is a route to 
aryl alkyl ketones without rearrangement of the alkyl side chain. (Recall that 
similar alkylations go through alkyl carbocations and that rearrangements are 
common.) 
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O O 
M = | 
+ СнН;,СН›,›ССс > CCH,CH, + НСІ 
benzene propanoyl 1-рћспу1-1-ргорапопе 
chloride 90% 


STUDY PROBLEM 


13.9. Without referring to Chapter 10, tell how you would prepare isobutylbenzene 
from benzene. 


Reaction with organometallic compounds. Ап acid chloride undergoes 
reaction with a variety of nucleophiles, including organometallic compounds. 
Reaction of an acid chloride with a Grignard reagent first yields a ketone, which 
then undergoes further reaction with the Grignard reagent to yield a tertiary 
alcohol after hydrolysis. (If an excess of the acid halide is used and temperatures of 
about —25° are maintained, the intermediate ketone may be isolated.) 


О n OMgX OH 
e "e | " | 
R—C—c] КМ, в_с—ь ВМ, p (og WOH, B oC pg 
an acid chloride a ketone ^ R' 
a3 alcohol 
i ie 
(1) 2 CH,Mgl 
(Qt Wo" O (с 
benzoyl chloride 2-phenyl-2-propanol 


a 3° alcohol 


A suitable organometallic reagent for preparing a ketone from an acid 
chloride is the cadmium reagent, an organocadmium compound prepared from a 
Grignard reagent and cadmium chloride. 


Formation of a cadmium reagent: 


2RMgCI + CdCl, — $ В.Са 42MgCl, 


а cadmium 
reagent 


Cadmium is less electropositive than magnesium; therefore, the C—Cd 
bond is less polar than the C— Mg bond. For this reason, cadmium reagents are 
less reactive than Grignard reagents. 


{= ó- ó+ ó- 


óc 
R—MgX R—Cd—R 
more negative less negative 


Cadmium reagents do not undergo reaction with ketones, but they do under- 
go reaction with acid halides and offer an excellent method of ketone synthesis. 
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Reaction wsth an acd halide 
Q О 
ККЕ C MO ——— JR CR + RCIG 


алетте 


An example of a ketone synthesis with a cadmium reagent follows. Note that 
the acid halide in this example contains an ester group. This synthesis would not 
have been successful if a Grignard reagent had been used because the ester group 
would also react with the Grignard reagent. 

о о 


| 


{ 
сас, (CH,CH.CH,).Cd CH,OCCH.CH,CCI 


CH,CH.CH.MgBr 
о 


i 


ll 
CH,OCCH.CH.CCH.CH.CH, 


a Keto ester 
n 


Secondary and tertiary alkylcadmium reagents are unstable; therefore, an 
organocadmium reagent is useful only when R is methyl, primary, or phenyl. A 
more general route to ketones is the use of lithium dialkylcuprates. (In Section 6.10, 
we described the use of these agents and alkyl halides in alkane synthesis.) Like 
cadmium reagents. cuprates undergo reaction with acid halides to yield ketones. 
These reactions are usually carried out in an ether solvent at low temperatures 


(0 to — 787). 
бий — =. quu M LiCu(CHs): 
a lithium dialkylcuprate 


О О 
-i [ [ 
LiCuCH;). =(CH3)sCC—Cl ——— (Сну,СС—СН, 


E 


3.3-dimethyl-2-butanone 
(t-butyl methyl ketone) 


STUDY PROBLEM 


13.10. Show by equations how you would prepare the following ketones from alkyl 
halides and acid chlorides (1) by way of a cadmium reagent, and (2) by way of a 
cuprate: 


О 


i | 
(а) (С) сенен, (b) 5:7 


Reduction. Reduction of acid chlorides with lithium aluminum hydride 
yields primary alcohols. Since primary alcohols also can be obtained by LAH 
reduction of the parent acids, this reaction finds little synthetic use. 
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О О 


| SOCI | Li 
e E — as (О) D O 


benzoic acid 
(1) LiAIH, (2)Н,О 


The partial reduction of an acid chloride to an aldehyde can be effected, and 
this reaction is very useful. (A carboxylic acid itself is not readily reduced to an 
aldehyde.) A milder reducing agent than LAH is required to reduce RCOCI to 
RCHO instead of to RCH,OH. A suitable reagent is lithium tri-t-butoxyaluminum 
hydride, which is obtained from ¢-butyl alcohol and LAH. This reducing reagent 
is less reactive than LAH because of both steric hindrance and electron-withdrawal 
by the oxygen atoms. 


y 


benzyl alcohol 


Preparation of reducing agent: OC(CH;), 


3(CH44COH + LIAIH, ———» Lit H—AI—OC(CHj), + 3 H, 


t-butyl alcohol OC(CH,) 
3)3 


lithium tri-t-butoxy- 
aluminum hydride 


Reaction with RCOCI: 


[ 1 
(1) LiAIH[OC(CH ;);]; 
д 
benzoyl chloride benzaldehyde 


Alpha halogenation. Ketones can be halogenated in the x position by 
treatment with X, and H* or ОН”. This reaction, which was discussed in Section 


11.18, proceeds by way of the enol. Acid halides also undergo tautomerism and 
therefore undergo х halogenation. 


О ОН ОН 


| | CL | -HCI || 
CH,CC] = сн,=са ——— И egi 


“keto” form “enol” form CI CI CI 


chloroacetyl chloride 


an x-halo acid halide 


Carboxylic acids do not tautomerize readily and thus do not undergo х 
halogenation. However, the halogenation of acid halides provides a technique by 
which we can obtain a-halocarboxylic acids. If a catalytic amount of PCl, is 
added to a carboxylic acid along with the halogenating agent (usually Cl,), the 


РС]. converts a small proportion of the acid to the acid chloride, which undergoes 
x halogenation. 
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i \ | 
R,GHSOH ——°— ланса - “+ R,CCCI 
а 


the halogenated 
acid chloride 


In the reaction mixture, the acid halide is in equilibrium with the carboxylic 
acid itself. Because the acid is present in excess, the a-halo acid chloride is con- 
verted to the a-halo acid. 

can undergo 
further reaction 


MEBY 


ll || 
REGE _ = IRIGHOOH == RG OH Ко: (ее 


Gi the nonhalogenated 


Cl the acid 
acid chloride 


(excess) 


the halogenated the a-halo acid 


acid chloride 
In the process, more nonhalogenated acid chloride is formed. This acid chloride 
undergoes x halogenation, and the reaction sequence is repeated. The overall 
result of this sequence is, in effect, the « halogenation of a carboxylic acid. This 
reaction sequence is called the Hell-Volhard—Zelinsky reaction after the chemists 


who developed the technique. 
Overall reaction: 
n 
КОЧО С, R.GOOTH + HCI 


Some specific examples of x halogenation of carboxylic acids (by way of acid 
halides) follow: 
Cl 


РС] 
CH,CH,CO,H +C ———>_ сн. сисон + HCI 


propanoic acid 2-chloropropanoic 


acid 
ЕЕ, Вг 
( )—сон а, ==; cR + HBr 
CO,;H 
cyclohexane- 1-Бгото-1-сусІоћехапе- 
carboxylic acid carboxylic acid 


STUDY PROBLEMS 


13.11. Give the organic product of each of the following reactions: 


(a) (CH;),CHCO,H + С, — 2 


(b) (С)—сн.сон оа 7—5 
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13.12. Write the mechanism for the reaction of chloroacetyl chloride with acetic acid to 
yield chloroacetic acid. 


SECTION 13.4. 
Anhydrides of Carboxylic Acids 


An anhydride of a carboxylic acid has the structure of two carboxylic acid 
molecules with a molecule of water removed. (Anhydride means “without water.”’) 


O 


[| || н.о ll 
CH,COH HOCCH, ——— CH,COCCH, 


an anhydride 


A. Nomenclature of anhydrides 


Symmetrical anhydrides are those in which the two acyl groups are the same. 
They are named after the parent carboxylic acid followed by the word anhydride. 


оо 
П Il lll 
CH,COCCH, CH4CH;COCCH;CH; 
IUPAC: ethanoic anhydride propanoic anhydride 
trivial: acetic anhydride propionic anhydride 


Unsymmetrical anhydrides are named by the word anhydride preceded by 
the names of the two parent acids. 


oo 
Il 
CH,COCCH,CH, 
IUPAC: ethanoic propanoic anhydride 
trivial: acetic propionic anhydride 


STUDY PROBLEM 


13.13. Write a suitable name for each of the following anhydrides: 


О 
| |! || 
(а) CH,CH,CH,CH,COCCH,CH,CH,CH, (b) C,H,COCCH, 


B. Preparation of anhydrides 


With few exceptions, acid anhydrides cannot be formed directly from their 
parent carboxylic acids, but must be prepared from the more reactive derivatives 
of carboxylic acids. One route to an anhydride is from an acid chloride with a 
carboxylate, a reaction mentioned on page 617. 


О О 


| || и 1 
RC—Cl + -OCR —— RC—OCR + CI 


an acid chloride a carboxylate ion an anhydride 
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Another route to an anhydride is by treatment of the carboxylic acid with 
acetic anhydride. A reversible reaction occurs between a carboxylic acid and an 
anhydride. The equilibrium can be shifted to the right by distilling the acetic acid 
as it is formed. This reaction has also been mentioned previously (Section 12.11 B). 


TW ЇЇ 
2 (Qon Sacco, ==> QO + 2 CH,CO,Hf 


benzoic acid acetic anhydride benzoic anhydride acetic acid 


A five- or six-membered cyclic anhydride can be formed by heating the 
appropriate diacid (see Section 12.11 B). 


О 
ae ee D! . 4 HO 
CH;CO;H 
О 
succinic acid succinic anhydride 
a diacid a cyclic anhydride 


C. Reactions of anhydrides 


Like acid halides, acid anhydrides are more reactive than carboxylic acids 
and may be used to synthesize ketones, esters, or amides. Acid anhydrides undergo 
reactions with the same nucleophiles that the acid chlorides react with; however, 
the rates of reaction are slower. (A carboxylate ion is not quite as good a leaving 
group as a halide ion.) Note that the other product in these reactions is a carboxylic 
acid or, when the reaction mixture is alkaline, its anion. 


0: o :05 О © О 
RC—OCR NU addition RCLOCR elimination RC и -бсЕ 
EC wv» | 
Nu Nu 
intermediate 


Hydrolysis. Anhydrides undergo reaction with water to yield carboxylic 
acids. The rate of reaction, like the rate of hydrolysis of an acid chloride, depends 
on the solubility of the anhydride in water. 


О 
| |] 
CH;COCCH, + HO 2 CH,COH 
acetic anhydride acetic acid 


General: ү F 
RCOCR + H,O RCO;H + R CO,H 


an anhydride carboxylic acids 
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Reaction with alcohols and phenols. The reaction of an anhydride with either 
an alcohol or a phenol yields an ester. The reaction is particularly useful with the 
commercially available acetic anhydride, which results in acetates. A tertiary 
amine or pyridine may be added to the reaction mixture to remove the acid 
(CH4CO;H in our examples) as it is formed. 


pi Q \ © 
CH,COCCH, + CH,CH,OH + (Ом: ———› CH,COCH,CH, + CH4CO;^ HNC ) 
acetic ethanol " ethyl acetate 
anhydride pyridine 
[| T 
СН СОСЕН + Qon + (ON: == cuco()) 1 dheo HNC )) 
phenol phenyl acetate 


STUDY PROBLEM 
13.14. Complete the following equation: 
О 


O + CH,CH,OH + O m, 


O 


Reaction with ammonia and amines. Ammonia, primary amines, and 
secondary amines undergo reaction with anhydrides to yield amides. Again, 
acetic anhydride is the most popular anhydride used in this reaction. Ammonia and 
acetic anhydride yield acetamide, while amines and acetic anhydride give sub- 
stituted acetamides. One mole of amine is consumed in neutralization of the 
acetic acid formed in the reaction. 


ЇЇ | 
СН,СОССН, я 2 МН, в > СН.СМН, че CH,CO,~ NH,” 


ammonia acetamide 


lll | 
CH,COCCH, + 2 ВМН, ——— CH,CNHR + CH,CO,~ RNH,* 


a I? amine an N-alkyl- 
acetamide 


| 
CH,COCCH, + 2R,NH ———  CH,CNR, + CH;CO,~ R,NH* 


а 2? amine an N,N-dialkyl- 
acetamide 


NER c c-—— —-—-— — ——9—)—— á?/9 e IÜPi——»— !U&!»—À"—À— P gem— = === = = o 
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SAMPLE PROBLEM 


Predict the product of reaction of one equivalent of succinic anhydride with two 
equivalents of ammonia. 


Solution: О 
О GO” NH;' 
uth 
re 
O+2NH, 
/ CH; 
О C, 
O 


STUDY PROBLEM 


13.15. Give the structures of all principal organic products: 


NH, 
E оо 


|! || 
OO + CH,;COCCH, + (Ск — 


SECTION 13.5. 


Esters of Carboxylic Acids 


Esters, one of the most useful classes of organic compounds, may be converted 
to a variety of other compounds (see Figure 13.8). Esters are common in nature. 
Volatile esters lend pleasant aromas to many fruits and perfumes. Fats and 
waxes are esters (Section 20.1). Esters are also used for synthetic polymers: for 
example, Dacron is a polyester. Table 13.3 lists some representative esters. You 
might find it interesting to compare the odors of some of these esters to the odors 
of carboxylic acids, Section 12.2. 


A. Nomenclature of esters 


The name of an ester consists of two words. The first word is the name of the 
alkyl group attached to the ester oxygen. The second word 15 derived from the 
carboxylic acid name with -ic acid changed to -ate. Note the similarity between 
the name of an ester and that of a carboxylate salt. 


| | || 
CH,CH,CO—H CH,CH,CO- Na^ СН;СН,СО--Сн, 
an acid a salt an ester 


IUPAC: propanoic acid sodium propanoate methyl propanoate 
trivial: propionic acid sodium propionate methyl propionate 
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carboxylic acid 


acid anhydride acid halide ў 


ester | | 


carboxylic acid | alcohol j 
amide | different ester } 
polyester i 


FIGURE 13.8. The synthetic relationship of esters to other compounds. 


| 


-————rá— 


TABLE 13.3. Names, odors, and boiling points of selected esters 


Trivial name Structure Odor Bp,^C j 
methyl acetate CH,CO,CH, pleasant $7.5 

ethyl acetate (Cia ECCO СЕЕН pleasant 77 | 
propyl acetate CH,CO,CH,CH,CH; like pears 102 | 
ethyl butyrate CH;(CH;);CO;CH;CH, like pineapple 121 

isoamyl acetate CH,CO,(CH;),CH(CH;), like pears 142 

isobutyl propionate CH,CH,CO,CH,CH(CH;), like rum 137 


COCH, 
methyl salicylate О like wintergreen 220 
OH 


B. Preparation of esters 


Most methods for ester synthesis have been covered elsewhere in this text. 
In this section, we will provide a summary of these methods. One additional 
reaction, that of a carboxylic acid with diazomethane, will be discussed here. 


From carboxylic acids and alcohols (Section 12.9): 


|] H^, heat |] 
(О) снисн:сн:бон + CH,CH,OH === CH,CH,GH,COCH,CH, T 9 : 


4-phenylbutanoic acid ethanol ethyl 4-phenylbutanoate 
85% 


Esters of Carboxylic Acids Section 13.5. 627 


From acid halides and alcohols (tor hindered systems and tor phenols) (Section 13.3) 


O O O O 
dia] 3 z -2 HCI [= 
GICCH;GCI + 2(CH,,GOH ———* (CH,;);COCCH,COC(CH;); 
malonyl chloride t-butyl alcohol di-r-butyl malonate 
80% 


From an anhydride and an alcohol or phenol (Section 13.4): 


A n nia 
H 
9 cota POTE 
2-butanol [с 
O 
phthalic anhydride 2-butyl hydrogen phthalate 
ОЛ, 


From a carboxylate and a reactive ау! halide (Section 12.6): 


i i 
GE бозе (Оса —— (©) cn:occn, ъа 


acetate ion benzyl chloride benzyl acetate 
93% 


From a carboxylic acid and diazomethane: 


i 
h 
(сон T авам, к {_)—©осн, +N, 


cyclohexane- diazomethane methyl cyclohexane- 
carboxylic acid carboxylate 
100% 


With the exception of the diazomethane reaction, the preceding esterification 
reactions usually give good, but not quantitative, yields. The reaction of a carbox- 
ylic acid with diazomethane usually gives a quantitative yield (eliminating the need 
for purification of the product ester). Diazomethane (CH,N,), which has been 
mentioned earlier (Section 9.12), is a toxic, explosive gas; it is almost always 
prepared just prior to the time it is needed. Despite these disadvantages, diazo- 
methane is often the reagent of choice. For example, if a chemist wishes to esterify 
a few milligrams of a carboxylic acid for spectral analysis or if, for any reason, a 
near-quantitative yield of an ester is desired, diazomethane may be the reagent of 
choice. 

How does esterification with diazomethane occur? The carbon of diazo- 
methane carries a partial negative charge, and the acidic proton of the carboxylic 
acid is removed by this carbanion-like structure. Then nitrogen (N;), one of the 
best leaving groups known, is displaced by the carboxylate anion to yield the methyl 
ester. 


Resonance structures of CH2N>: 


CN - > oe 
нА: Gà cu =N: e => (SUE — —N=N:] 
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Reaction with RCOSH: 


О О 


| | 
| eh) = " Д е б fS e 
RCH ;CH,—N,* — Rn CHypN, ——— RCÖCH, +N, 


a methyl ester 


STUDY PROBLEM 
13.16. How would you prepare aspirin (page 485) from methyl salicylate (Table 13.3)? 


C. Reactions of esters 


In acidic solution, the carbonyl oxygen of an ester may be protonated. The 
partially positive carbon can then be attacked by a weak nucleophile such as 
water. 


Protonation: 


resonance structures 
for a protonated ester 


The carbonyl oxygen is protonated rather than the alkoxyl oxygen because the 
carbonyl oxygen of an ester is the more basic of the two. From the resonance 
structures of the protonated ester, you can see that this resulting cation is 
resonance-stabilized. (The cation formed by protonation of the alkoxyl oxygen is 
not resonance-stabilized.) 

In an alkaline solution, the carbonyl carbon of an ester may be attacked by a 
good nucleophile without prior protonation. This is the same addition-elimination 
path as for nucleophilic attack on acid chlorides or anhydrides. 


er » ў 
additio EA eliminatio 55 
R—- G08) + ыт роб SEP aq utn 
9+ а | | 
Ми Ми 


intermediate 


Acid hydrolysis. The esterification of a carboxylic acid with an alcohol 
(Section 12.9) is a reversible reaction. When a carboxylic acid is esterified, an 
excess of the alcohol is used. To cause the reverse reaction— that is, acid-catalyzed 
hydrolysis of an ester to a carboxylic acid—an excess of water is used. The excess of 
water shifts the equilibrium to the carboxylic acid side of the equation. 


Esterification: 


© O 

| Н *. heat [| 

COH + CH,OH ===” СОСН, + H;O 
benzoic acid methanol methyl benzoate 


(excess) 
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Hydrolvsrs 


O O 

Il Н. heat || 

СОС НО ===” СОН + CH,OH 
methyl benzoate excess benzoic acid methanol 


If water labeled with oxygen-18 is used in the hydrolysis, the labeled oxygen 
ends up in the carboxylic acid. 


О О >O 
| H7. heat |] а ыы 
КСОК + H;,!5O === RC!*OH + ВОН 


The reason for this is that the water attacks the carbonyl group. The RO 
bond is not broken in the hydrolysis. 


О this bond ts broken 


| 
RC—O—R 


this bond is not broken 


The following mechanism accounts for this observation. Note that the first 
step is protonation (only one resonance structure is shown), followed by addition 
of H,O, then elimination of R'OH, followed by deprotonation. 


Ó: :OH ОН :OH 
ЧІ Buc H,O | $ E H* 


А -H 
RC—OR' RC—OR' x ЕСЫ ОК == RC OR] = 
18OH, ВОН 
сон *ÓH :ÓH О ÓH 
E^ —ROH ll | ЕНЕ || | 
pL gu "h сс? 0 gem qu ог RC 
Iso ВОН д iH ч! 
resonance structures 
for protonated acid 
A simplified mechanism for ester hydrolysis may be written: 
O а 7 
RCOR + H,O ОО | ЕЕЕ ГОНЕ = HOR 
ап езїег m a carboxylic an alcohol 


acid 


STUDY PROBLEM 


13.17. What would you expect as acid-hydrolysis products of the following labeled ester? 


| 
CH,C '5OCH,CH, 
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Alkaline hydrolysis (saponification). Hydrolysis of an ester in base, or 
saponification, is an irreversible reaction. Because it is irreversible, saponification 
often gives better yields of carboxylic acid and alcohol than does acid hydrolysis. 
Because the reaction occurs in base, the product of saponification is the carboxylate 
salt. The free acid is generated when the solution is acidified. Note that ОН is a 
reactant, not a catalyst, in this reaction. 


Saponification: 
i i 
(О) <оси, + он че (Ос + CH,OH 
methyl benzoate benzoate ion 


Acidification: 


i i 
C©)-co +H* —— OR 
benzoic acid 


A large body of evidence has been accumulated to support the following 
mechanistic scheme, which is typical of nucleophilic attack on a carboxylic acid 
derivative. 


Step ! (addition of OH—) (slow): 


:Ӧ [Or 
* Р | 
(СО) авав Е а 
:OH 
Step 2 (elimination of —OR' and proton transfer) (fast): 
sy ОЎ О 


| a 
R—C + HOR’ 


| ee | и | 
ОН nA s 


What is the evidence supporting this mechanism? First, the reaction follows 
second-order kinetics—that is, both the ester and ОН” are involved in the rate- 
determining step. Second, if the alcohol portion of the ester contains a chiral 
carbon, saponification proceeds with retention of configuration in the alcohol. This 
evidence supports the cleavage of the carbonyl-oxygen bond, not cleavage of the 
alkyl-oxygen bond. 


chiral carbon 


i JCH;CH; ? HCH, 
Coty Ss COH + HOC». 
N H,O N 
CH, = CH, 
( R)-2- butyl benzoate с ( R)-2-butanol 
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if this bond were cleaved, we 


would expect racemization or inversion 


CH.CH, 


no racemization or inversion obsert ed 


this bond is cleaved 


STUDY PROBLEM 
О 


| 
13.18. Predict the products of saponification of CH;C'SOCH,CH;. 


The word saponification comes from the word “soap.” Soaps, which are 
synthesized by the saponification of fats, will be discussed at greater length in 
Chapter 20. 


О 
ал. 
CH.OH О 
не. ccm 43NaOH —— > СНОН + rob ve Na* 


P CH;OH sodium palmitate 
gly 1 
CH,OC(CH;),.CH; ees a soap 
tripalmitin 


a fat, or triglyceride 


SAMPLE PROBLEM 


Which has a faster rate of saponification: (a) ethyl benzoate, ог (b) ethyl 
p-nitrobenzoate? 


Solution: (b) has the faster rate because it has an electron-withdrawing nitro 
group. The transition state leading to the intermediate in Step 1 is more 
stabilized by dispersal of the negative charge: 


о i 
ох-—(О)-е-оснсн, 
OH 
STUDY PROBLEM 
13.19. Write equations for the saponification of the following esters with aqueous 
| NaOH: 


о 
o Oom "Qr «ОС 
О mp e 
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Transesterification. Exchange of the alcohol portion of an ester can be 
accomplished in acidic or basic solution by a reversible reaction between the ester 
and an alcohol. These transesterification reactions are directly analogous to 
hydrolysis in acid or base. Because the reactions are reversible, an excess of the 
initial alcohol is generally used. 


O O 
| H* or CH,CH,O |] 
в оса, оО == C—OCH;GH,. + св. eii 


methyl benzoate excess ethyl benzoate 


STUDY PROBLEM 


13.20. Suggest mechanisms for the transesterification reactions of ethyl acetate with 
(a) methanol and НСІ, апа (b) methanol and sodium methoxide. 


Reaction with ammonia. Esters undergo reaction with aqueous ammonia 
to yield amides. The reaction is slow compared to the reactions of acid halides or 
anhydrides with ammonia. This slowness of the ester reaction can be an advantage 
because the reaction of an acid chloride with an amine can sometimes be violent. 
The ester route to amides is also the reaction of choice when a chemist desires an 
amide with another functional group that would not be stable toward an acid 
chloride. Such a case is illustrated in our second example. 


i i 
| : 
CICH;COCH;CH, + МН, — CICH;CNH, + CH,CH;OH 
ethyl chloroacetate chloroacetamide 
807 
| i 
CH,CHCOCH,CH; *NH, == CH,CHCNH, + CH,CH,OH 
OH OH 
ethyl 2-hydroxypropanoate 2-hydroxypropanamide 
(ethyl lactate) 10% 


STUDY PROBLEM 


13.21. What products would arise from the reaction of 2-hydroxypropanoic acid (lactic 
acid) with SOCI,? 
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Reduction. Esters can be reduced by catalytic hydrogenation, a reaction 
sometimes called hydrogenolysis of esters, or by lithium aluminum hydride. An 
older technique is the reaction of the ester with sodium metal in ethanol. Regard- 
less of the reducing agent, a pair of alcohols (with at least one being primary) 
results from the reduction of an ester. 


General: О 
ШО or -“", RCH,OH + HOR 
$ 
N 
Lam А га the other alcol 
alcohol 
O 
f | (1) LAIH: 
СОСН.СН, тено CHOH + HOCH;CH; 
ethyl benzoate benzyl alcohol ethanol 
90% 
O 
N 
GH7GH,).4OCH;CH, — ron CH4CH,,0H,OH +  HOCH;CH; 
ethyl decanoate |-десапо] ethanol 
70% 


| | aee 
CCH. COGI CH, C629: 9, MOCH (CHCH OH + HOCH CH, 


255°. 200 atm 
diethyl adipate 1.6-hexanediol ethanol 
90% 


STUDY PROBLEM 


13.22. Show by equations how you would prepare CH;(CH;),,CH,OH from 
tripalmitin (page 631). 


Reaction with Grignard reagents. The reaction of esters with Grignard 
reagents is an excellent technique for the preparation of tertiary alcohols with two 
identical R groups. 


General О ОН 


70) = = R= two К” groups 


"I FO. H 
ап ester > the same 


а X alcohol 


О OH 


| | 
(1) 2 CH;Mgl 
{ )-боснсн, aor” ( аси», 


ethyl cyclohexanecarboxylate 2-cyclohexyl-2-propanol 
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If a formate ester is subjected to a Grignard reaction, a secondary alcohol 
with two identical R groups is obtained. Formates are a special case because the 
carbonyl carbon is attached to an H atom, not an alkyl or aryl group. 


n OH 
| 
| (D2 R MgX 
ESOR cr onc n R мо R' groups 
R the same 
a formate ester 
a2 alcohol 
The mechanism of the reaction of a Grignard reagent with an ester is similar | | 


to that of the reaction of a Grignard reagent with an aldehyde or ketone— that is, 
the nucleophilic carbon of the Grignard reagent attacks the positive carbon of the 
carbonyl group. In the case of an ester, as in the case of an acid halide (page 618), 
two equivalents of Grignard reagent attack the carbonyl carbon atom. To see | 
why this is so, let us consider the reaction stepwise. First, the negative carbon of á 
the Grignard reagent attacks the carbon of the carbonyl group. The product of 
this step has a hemiketal-like structure that loses an alkoxyl group to yield a 
ketone. 


лання уты 


Initial attack: 


О: :0: *MgX Ө: 
Cy Te TE | - 
ЕС— ОЕ + СН, МрХ —— |RC—OR' E RC + RO: *Mgx 
о | | 
CH; CH; 
a type of hemiketal a ketone 


The ketone then undergoes a second reaction with the Grignard reagent. 
The rate of the second reaction is greater than that of the first; hence the ketone 
cannot be isolated. 


Second attack and hydrolysis: 


Ei | MEX i 
H,0. Н“ 
ВССН, | + CH,;MgX ——— RCCH = RCCH, + Mg?* + X" + H,O 
Mae № 3Mg | 3 | 3 g 2 
CH; CH; 


a 3° alcohol 


STUDY PROBLEMS 


13.23. Show by equations how you would prepare the following alcohols from methyl 
propanoate: (а) 2-methyl-2-butanol; (b) 3-ethyl-3-pentanol. 


13.24. Predict the product of the reaction of ethyl formate with ethylmagnesium 
bromide, followed by work-up with aqueous acid. 
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SECTION 13.6. 


Lactones 


A lactone is a cyclic ester. Lactones are fairly common in natural sources. For 
example, vitamin C and nepetalactone, the cat attractant in catnip, are both 
lactones. It is interesting to note the close structural relationship of nepetalactone 
to iridomyrmecin, an odorous compound found in the /ridomyrmex species of 


ants. 

CH; CH; 

HO OH 
OH 

| О О 

HOCH,CH О `O 
CH, O CH, 
vitamin C nepetalactone iridomyrmecin 
(ascorbic acid) E : а 
cat attractant in сатір in ants 


Lactones are formed from molecules that contain a carboxyl group and a 
hydroxyl group. These molecules can undergo an intramolecular esterification. 


CH;OH H* О 
Muere о с=т = + H,O 
CHICH; 
4-hydroxybutanoic 4-hydroxybutanoic 
acid acid lactone 
a y-hydroxy acid (7-butyrolactone) 
—CH;OH HE О 
CH; 2 СО, == О + H,O 
— CHOH., 
5-hydroxypentanoic S-hydroxypentanoic 
acid acid lactone 
a à-hydroxy acid (6-valerolactone) 


With y- or ó-hydroxy acids, which form lactones that are five- or six- 
membered rings, the cyclization is so facile that the hydroxy acids often cannot 
be isolated. Although the reaction is catalyzed by acid or base, even a trace of acid 
from the glassware is sufficient to catalyze lactone formation if a five- or six- 
membered ring is the product. The percentages of hydroxy acid and lactone in some 
equilibrium mixtures in aqueous acid are shown in Table 13.4. 


STUDY PROBLEM 


13.25. Lactic acid (2-hydroxypropanoic acid) does not form a lactone. However, when 
it is heated, it yields a dimeric cyclic ester called a lactide. What is the structure 
of this lactide? 
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TABLE 13.4. Composition of equilibrium mixtures of hydroxy acid versus lactone 


Hydroxy acid Lactone % Acid % Lactone 
HOCH,CH,CO,H me 100 0 

O 
HOCH,CH,CH,CO,H (уо 27 73 


О 

HOCH,(CH,),CH,CO,H = 9 91 
О 

HOCH,(CH,);CH,CO,H о 100 0 


Carboxylic acids with hydroxyl groups in positions other than the у- or 
6-positions are stable and do not cyclize spontaneously. (Compare the percents of 
lactone in the equilibrium mixtures of the hydroxy acids in Table 13.4.) „owever, 
the lactones of these hydroxy acids may be synthesized under the usual conditions 
for esterification. In these cases, a dilute solution of hydroxy acid in an inert solvent 
is used. An intramolecular reaction is favored by dilute solution because collisions 
between molecules are less apt to occur. If the solution is concentrated, then the 
hydroxy acid molecules undergo reaction with each other to yield a polyester. 
In either case, a solvent such as benzene allows the product water to be distilled as 
an azeotrope and drives the reaction toward the lactone (or polyester). 


Н*, heat 


+ H,O 


dilute solution 


the lactone 


| 
HOCH,(CH,),;COH 
7-hydroxyheptanoic acid 


Н”, heat 
concentrated solution зл ill + H;O 


the polyester 
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SECTION 13.7. 


Polyesters 


The synthetic fiber Dacron is a polyester made by a transesterification reaction 
of dimethyl terephthalate and ethylene glycol. The reason that polymer-formation 
can occur is that the reactants are bifunctional, and thus each reactant can undergo 
reaction with two other molecules. 


т д 
СНОС СОСН; + 2 НОСН,СН,ОН 
1,2-ethanediol 
dimethyl terephthalate (ethylene glycol) 
| | 


о о 
| | 


HO єн.єн,ос—(С`ў—сосн,сн, OH +2СН,ОН 


OH groups can react further 


1 i 
С —О) осн ;CH;O x 


Dacron 
(x = 80-130) 


When the monomers are bifunctional, such as dimethyl terephthalate and 
ethylene glycol, polymer growth must occur in a /inear fashion. Linear polymers 
often make excellent textile fibers. If more than two reactive sites are present in one 
of the monomers, then the polymer can grow into a cross-linked network. Glyptal 
(a polymer of glycerol and phthalic anhydride) is an example of a cross-linked 
polyester. 


О.С 

О + ium JUN. Oc 
-H;O 5 

| CH,OH i—CO CO,CH,CHCH,O—| 


phthalic anhydride glycerol 


glyptal 
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SECTION 13.8. 


Thioesters 
О 


Esters with the RCS— unit are called thioesters. Thioesters undergo reactions, 
such as hydrolysis, similar to those of ordinary esters. Acetylcoenzyme A, which is 
important in biological reactions, is a thioester. 


NH; 
H 
0 n (0 КОМО n а | 
a di “^ш аш a © М м7 
a HO CH, OH OH 
thioester group 
HO,PO OH 


acetylcoenzyme A 
(CH4CO—SCoA) 


In an organism, acetylcoenzyme A has two principal functions. The first 
function is that of an acylating agent (a reagent that places an acyl group, RCO—, 
in a molecule). The following example shows the transfer of an acetyl group from 
acetylcoenzyme A to a phosphate group. In this reaction, acetylcoenzyme A is 
hydrolyzed to the thiol coenzyme A. 


phosphotransacetylase 
— 


| | teil 
CH,;C—SCoA + Hore: сс hl + HSCoA 


O^ O^ coenzyme А 


The second function of acetylcoenzyme А is that of an alkylating agent. The х 
hydrogen of a thioester is acidic and can be removed rather easily by the appropriate 
enzyme. Therefore, the acetyl carbon in acetylcoenzyme A can act as a nucleophile 
and can attack a carbonyl group. (This type of reaction will be discussed in 
Chapter 14.) 


Loss of proton: 


+ 


| 
CH CSCA ТЕЕ К 


Nucleophilic attack and thioester hydrolysis: 


i T jm 
POTE an 
CoA—SCCH,~ + со: == Coa p Он зб 2 
W js 
op Cos a 
oxaloacetate H,O 
ion CoA—SH + b - 
p 
CO; 


citrate ion 
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SECTION 13.9. 


Amides 
А. Nomenclature of amides 


An amide is a compound that has a trivalent nitrogen attached to a carbonyl 
group. An amide is named from the parent carboxylic acid with the -oic (or -ic) 
acid ending changed to -amide. 


? О 
| 

CH,CNH, CH,CH.CH.CNH, 
IUPAC: ethanamide butanamide 
trivial: acetamide butyramide 


Amides with alkyl substituents on the nitrogen have their names preceded 
by N-alkyl, where N refers to the nitrogen atom. 


о о 

| 
x HCN(CH,). 
N-methylbenzamide N,N-dimethylformamide 


A few amides of interest follow; the amide groups are circled: 


N 


nicotinamide, 
or niacinamide 


lysergicacid diethylamide 


a B vitamin (LSD) 
a lactam, 


or cyclic amide 


B. Preparation of amides 


Amides are synthesized from derivatives of carboxylic acids and ammonia or 
the appropriate amine. These reactions have been discussed previously in this 
chapter. 
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C. Reactions of amides 

An amide contains a nitrogen that has a pair of unshared electrons in a filled 
orbital. It would be reasonable to expect amides to undergo reaction with acids, as 
do amines; however, they do not. Amides are very weak bases with pK, values 
of 15-16. (By contrast, methylamine has a pK, of 3.34.) The resonance structures 


for an amide show why the nitrogen of an amide is neither particularly basic nor . 
nucleophilic. 


CH,NH, -dilue НСІ ———»9 CH,NH,* Cl 


methylamine methylammonium 
chloride 


О 


CH,CNH, + dilute НСІ — ——» по appreciable salt formation 


acetamide 


Resonance structures for an amide: 


ВС МН, <—— R—C=NH, less basic than 


S an amine nitrogen 


The effect of the partial double-bond character of the bond between the 
carbonyl carbon and the nitrogen of an amide is evident in the nmr spectrum of 
N,N-dimethylformamide (Figure 13.9). The spectrum shows one peak for each 
methyl group. If the two methyl groups underwent free rotation around the 


CN bond, they would be equivalent and would give rise to one singlet. The fact | 
that there are two methyl singlets shows that the two methyl groups are not 
equivalent. The restricted rotation around the CN bond results in two methyl | 


500 400 300 200 100 — 0 Hz 


бй. a DO —- SO Шоо 3.0 *- "west 1.0 0 ppm 


FIGURE 13.9. The nmr spectrum of N,N-dimethylformamide, showing a pair of peaks for 
the N-methyl groups. 
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groups, each in а different magnetic environment. (The energy barrier for rotation 
around the CN bond in an amide has been found to be 18 kcal/mole.) 


— 7 (18 го oxygen 


te | fur 
(с-м 

"d X 

H Сн, 


= Irans го oxygen 


Hydrolysis. Like esters, amides may be hydrolyzed in either acidic or 
alkaline solution. In either case, the acid or base is a reactant, not a catalyst, and 
must be used ina 1:1 molar ratio or in excess. Neither type of hydrolysis reaction is 
reversible. 


In acid: 
i 
CH,CH;CN(CHi, +H,0+H* => CH,;CH,CO,H + H,N(CH,), 
N.N-dimethylpropanamide propanoic dimethyl- 
acid ammonium ion 
In base: 
О 


ll | 
@П GSCNICH., + ОН < CHIGH.CO НН», 


propanoateion dimethylamine 


Hydrolysis of an amide in acidic solution proceeds in a fashion similar to 
hydrolysis of an ester. The carbonyl oxygen is protonated, the carbonyl carbon is 
attacked by H,O, and an amine is expelled. This amine then undergoes reaction 
with H to yield the amine salt. The formation of the amine salt explains (1) why 
Н” isa reactant, not a catalyst, and (2) why the reverse reaction does not proceed. 
(Although В, М is a nucleophile, К МН * is not, and it cannot attack the carbonyl 
group.) 


In acid: 


HQ 
E Ти 
:ОН О 
| pem : 
с—унсн, сеа снаа 
нон“ OH 
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Alkaline hydrolysis of an amide is similar to saponification of an ester. The 
products are the carboxylate salt of the acid and a free amine or ammonia. 


In base: 


|| addition | elimination 


" " | 
CH;CH,CNH, + Н = |сн,сн,С Мн; > CH,CH,C + NH; 
B | | 


13.26. 


13.27. 


:O-H :0: 


STUDY PROBLEMS 


The following structure represents a portion of a polyamide molecule, similar in 
structure to a protein. What would be the alkaline hydrolysis products? What 
would be the acid hydrolysis products? 


кишш SE es 
CH; CH; 


What would be the hydrolysis products of (а) nicotinamide (page 639) in 
acid? (b) LSD (page 639) in base? (c) the following lactam in base? 


CH; 


SECTION 13.10. 


Polyamides 


There can be no question that the most important polyamides are the proteins. 
Chapter 19 is devoted to this subject. The most notable example of a man-made 
polyamide is the synthetic polyamide nylon 6.6, which is prepared from adipic 
acid (a diacid) and hexamethylenediamine (a diamine). As in the synthesis of the 
polyester Dacron, the result of the reaction of two types of bifunctional molecules 
is a linear polymer. 


| | | 
h 
x HO,C(CH;,CO;H + x HoN(CH;NH; == ЫБ > 


hexanedioic acid 1,6-hexanediamine nylon 6.6 


(adipic acid) (hexamethylenediamine) 


Nylon 6.6 is but one member of the family of synthetic nylons. Nylon 6.6 is 
made from a six-carbon diacid and six-carbon diamine. Nylon 6, on the other hand, 
is prepared from caprolactam, a monomer that contains the acid and amine in the 
same molecule (with six carbons). In this reaction, caprolactam undergoes ring 
opening with water; then, in the polymerization, water is eliminated. 
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О 
NH т о 
H,O | 250° | 
3b 222225205 х H,N(CH,);COH О NH(CH,)<C x 


caprolactam nylon 6 


SECTION 13.11. 


Compounds Related to Amides 


Some types of compounds that are related to amides are shown in Table 13.5. 
Urea is one of the most important amide relatives. Excess nitrogen from the metab- 
olism of proteins is excreted by the higher animals as urea. Some lower animals 
excrete ammonia, while reptiles and birds excrete guanidine. Both guanidine and 


TABLE 13.5. Some types of compounds related to amides 


Partial structure Class of compound Example 
О 
B. | | 
=o amide СН.СМН, 
о О 
ll 7 
CEN. in ring lactam NH 
о O 
M 
EN imide NH 
[0] 
[0] О 
oM ur | 
/ x urea H,NCNH, 
о 
v Il | 
en carbamate, or urethane H,NCOCH, 
о 


о 

l^ | 
—SN sulfonamide (Он 2 

|^ | | 


644 Сһар{ег 13 Derivatives of Carboxylic Acids 


urea, as well as ammonia, are widely used as nitrogen fertilizers and as starting 
materials for synthetic polymers and drugs. 


NH 


| | || 
H;N—C—NH; R,N—C—NR, H;N—C—NH,; 
urea a substituted urca guanidine 


Urea is used for the synthesis of barbiturates (used as sedatives) by reaction 
with -substituted diethyl malonates. This reaction is similar to the reaction of an 
ester with an amine to yield an amide. 


O О 
2 2 
CH,CH,O yf N 

O-—C Sr (Clia а ci pe gio 
5 NH— 

NH, CH;,CH;O Са! бе 

игеа O О 
diethyl malonate barbituric acid 


not substituted 


STUDY PROBLEM 


13.28. What two reactants would you use to synthesize each of the following barbiturates? 


О О 
НМ (C lale HN CH(CH;)CH,CH,CH, 
(a) o= (b) o= 
HN CH;CH; HN CH,CH, 
O O 
phenobarbital pentobarbital 
(Nembutal) 


An imide, a compound with the —CNHC— group, is the nitrogen analog 
of an acid anhydride. Like amides, an imide can be made from ammonia and an 


acid anhydride. 
О О 
О T | О 
os CNH, CNH, 
NH, is heat 
о ©, > Оу 
—H;O 
О СОЛ NE COH n 
phthalic phthalimide 
anhydride a cyclic imide 


A carbamate, or urethane, is a compound in which the —NH;, —NHR, or 
— NR; group is attached to an ester carbonyl group. A carbamate is related to a 
carbonate structure, with one O replaced by N. 
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о О 
|] | 
RO—C—OR H,N—C—OR 
a carbonate a carbamate 
i 
о CH; үз OCNHCH, 
eo майа, Ge ОО 
CH,CH,CH, 
meprobamate I-naphthyl-N-methylcarbamate 
a dicarbamate used as (Sevin) 
а tranquilizer ( Miltown, Equanil) а biodegradable insecticide 


One way in which a carbamate may be prepared is by the action of an alcohol 
or phenol on an isocyanate, a compound containing the —N—C-—-O group. 


т 
Qo — O9 
phenyl isocyanate phenol phenyl N-phenylcarbamate 


An analogous reaction is used to make polyurethanes (used for polyurethane 
foam insulation, for example). As in the formation of other polymers mentioned 
in this chapter, bifunctional starting materials must be used. (The foaming effect 
in polyurethane foam is achieved by adding a low-boiling liquid, such as dichloro- 
methane, that vaporizes during the polymerization.) 


N—C—O 
x НОСН.СН.ОН + x0—C—N CH, 
О 
| 
о NHCO 
OCH,CH,O—CNH CH, 


a polyurethane 


Sulfa drugs arc sulfonamides, compounds in which the nitrogen is attached 
to a sulfonyl group rather than to an acyl group. A sulfonamide is prepared by the 
action of an arylsulfonyl chloride on ammonia or on a primary or secondary 


amine. 
о 
| 
(Qo + R,NH 
1 ап атіпе 


benzenesulfonyl a sulfonamide 
chloride 
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Many of the p-aminosulfonamides are effective bacteriostatic agents. Al- 
though the bacteriological properties of one of the sulfonamides were observed in 
1909, these compounds were not widely used against infections in humans until 
around 1940. 


essential part of structure 
for drug activity 


a 
5 
нх (С) оми, пх (С) оми J 
N 
sulfanilamide sulfathiazole 
N=N N 
TEN LO sonn ocn, н.х—( oso Nu 
N 
sulfamethoxypyridazine sulfamerazine CH; 


Sulfa drugs inhibit the growth and multiplication of some types of bacteria 
that require p-aminobenzoic acid (PABA) for the biosynthesis of folic acids. The 
sulfa drugs are hydrolyzed in vivo to sulfanilamide, which is mistaken for PABA 
by certain bacterial enzymes. When the enzyme is associated with sulfanilamide, 
it is inhibited from catalyzing the incorporation of PABA into a folic acid mole- 
cule. This process is called competitive inhibition of an enzyme-catalyzed reaction. 
Sulfa drugs are not effective against all bacteria because some strains do not require 
PABA and some strains can synthesize their own PABA, which successfully 
competes against the sulfonamide for a position on the enzyme. 


нәх—( )- con 


p-aminobenzoic acid 
(PABA) 


гот PABA 


ee M 


О 


ОН || 
т М єн,—хн-(Сў—с—хненсн,сн,со;н 
H,N М М 


folic acid 


STUDY PROBLEM 


13.29. Sodium cyclohexylsulfamate (a cyclamate) is an artificial sweetener that is thirty 
times sweeter than cane sugar. This compound may be prepared from 
cyclohexylamine and chlorosulfonic acid, followed by treatment with sodium 
hydroxide. What is the structure of this cyclamate? 


O 
|| OH- 
МН, + HOSC] | —— ——— 
| 
Ó 


cyclohexylamine — chlorosulfonic 
acid 
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SECTION 13.12. 


Nitriles 
A. Nomenclature of nitriles 


Nitriles are organic compounds containing the C=N group. They are also 
sometimes called cvano compounds or cyanides. In the IUPAC system, the number 
of carbon atoms, including that in the CN group, determines the alkane parent. 
The alkane name is suffixed with -nitrile. Some nitriles are named after the trivial 
names of their carboxylic acid parent with the -ic acid changed to -nitrile, or to 
-onitrile if the parent name lacks an о-. 


dues СТ: 


IUPAC:  ethanenitrile да 
trivial: acetonitrile benzonitrile 


STUDY PROBLEM 


13.30. Write formulas for (а) propanenitrile; (b) butyronitrile. 


B. Bonding in nitriles 


The cyano group contains a triple bond—one sigma bond and two pi bonds 
(Figure 13.10). Although the nitrogen has a pair of unshared electrons, а nitrile is а 
very weak base. The pK, of a nitrile is about 24, while the pK, of NH; is about 4.5 
(about 20 powers of ten difference). The lack of basicity of a —CN: group results 
from the unshared electrons being in an sp orbital. The greater amount of s character 
in an sp orbital (compared to that in an sp? or sp? orbital) means that these sp 
electrons are more tightly held and less available for bonding to a proton. 


C. Preparation of nitriles 


The СМ ion (from NaCN, for example) is a good nucleophile for S42 displace- 
ment of a halide ion from an alkyl halide. This reaction is the principal route to 


p orbitals overlap to form 


E / two pi bonds 
' / 


4 


filled sp 


orbital 


FIGURE 13.10. The bonding ina nitrile, RC=N:. 
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nitriles; however, because of elimination reactions, high yields are obtained only 
with primary alkyl halides and, to a lesser extent, secondary alkyl halides. 


^ ~ SS 

CH,CH;CH;CH;Br-- СМ” ———» СН,СН,СН,СН,С\М + Br 
]-bromobutane pentanenitrile 
а 1° alkyl halide 90% 


Aryl nitriles are best obtained through the diazonium salts, compounds that 
were discussed in Section 10.14. 


NaNO, pim 
HCl " uCN 4 KCN 


aniline benzenediazonium benzonitrile 
chloride 


D. Reactions of nitriles 


Hydrolysis. Nitriles are included as carboxylic acid derivatives because 
their hydrolysis yields carboxylic acids. The hydrolysis of a nitrile may be carried 
out by heating with either dilute acid or base. 


CH3CH,GH,CH,CN + 2:H50 Hte "=> an аон нав NE 


pentanenitrile pentanoic acid 
85% 


In acidic hydrolysis, the weakly basic nitrogen is protonated and then water 
attacks the electropositive carbon atom. The reaction goes through an amide, 
which is further hydrolyzed to the carboxylic acid and ammonia. Because the 
ammonia undergoes reaction with hydrogen ions, an excess of acid must be used. 


In acid. 


ВСЕМ: == [RC=NH —— RC=NH] —— ы = 


HoH? 


он 
| кош NM RCNH; — RC + NH;* 
u-Co: Q: O 


intermediate 
amide 


Alkaline hydrolysis occurs by nucleophilic attack on the partially positive car- 
bon of the nitrile group. The reaction again results in an amide, which is further 
hydrolyzed to the carboxylate and ammonia. The free acid is obtained when the 
solution is acidified. 
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= h 
RC=N:+ ÖH- = [Rc=N:] —225 rc=NH => 
ее | 
:OH :0—H 
o 
RC—NH, — + RC 4 NH, 
:0 О 
intermediate H7 
amide H kco; 


Reduction. Nitriles can be reduced to primary amines of the type RCH NH, 
either by catalytic hydrogenation or by lithium aluminum hydride. 


General: ВЕТ ВСН, 
О) = —- ex ——À (С) енени, 
phenvlacetonitrile (2-phenylethyl)amine 
70% 
1) ШАІН, 
CH,CH,CH,C=N == o ^ CH,CH,CH,CH;NH, 
butanenitrile І n-butylamine 
85% 


SECTION 13.13. 


Use of Carboxylic Acid Derivatives in Synthesis 


Carboxylic acids and their derivatives are all synthetically interconvertible. 
However, of the carboxylic acid derivatives, the acid halides and anhydrides are 
probably the most versatile because they are more reactive than other carbonyl 
compounds. Either of these two reactants can be used to synthesize hindered 
esters or phenyl esters, which cannot be prepared in good yield by heating RCO;H 
and R'OH with an acidic catalyst because of an unfavorable equilibrium. (Suggest 
a reason why the reactions of acid halides or anhydrides with R’OH are essentially 
irreversible.) 


1 
RC—CI 
or вон иб where К апа R' can be hindered ог aryl 
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These two derivatives are also the most useful reagents for making N-substituted 
amides. 


In addition, the reduction of an acid chloride with LIAIH(OR), affords one of the 
few routes to aldehydes. (Can you think of one other?) 

Although esters are not as reactive as acid chlorides or anhydrides, they are 
useful in the synthesis of alcohols (by reduction or by Grignard reactions) and are 
valuable starting materials in the synthesis of complex molecules. We will discuss 
these reactions of esters in Chapter 14. 

The synthesis of nitriles affords one of the most convenient techniques for 
extending an aliphatic carbon chain by one or for introducing a carboxyl group or 
an NH, group. 


RCH,NH, 


As we have mentioned, the reaction of RX and СМ” gives best yields with primary 
alkyl halides. Secondary alkyl halides can also be used, but give lower yields. 
(What other products can be expected ?) 

The preparations and reactions of the carboxylic acid derivatives are 
summarized in Tables 13.6 and 13.7. 


STUDY PROBLEM 


Suggest synthetic routes to the following compounds: 


1 
(a) (enc from a carboxylic acid 


(b) 2-methyl-4-propyl-4-heptanol from compounds containing six or fewer 
carbon atoms 


| 
(c) CHjCH;CNH(CH;.4CH, from 1-propanol and no other organic reagents 


TABLE 13.6. Summary of laboratory syntheses of carboxylic acid derivatives 


Reaction Section reference 
Acid chlorides: 
| 
RCO,H + SOCI, or РС, ——+ RCC 13.3B 
Acid anhydrides: 
о о оо 
|] | ll 
RCCI + ~OCR’ —— —» RCOCR’ 13.4B 
|| il | 
КСО,Н + excess (СН,С),О ——— RCOCR 13.4B 
а 5.0 
HO.C(CH;),CO.H E ce огу 
E—2o0rj icu. 
Esters :* 
н! 
RCO,H + КОН  — — RCO,R’ 12.9 
1 
RCCI + КОН ——— RCO,R’ 13.3C 
1 
(RCO),O + КОН  ——— RCO,R’ 13.4C 
RCO, +RX RCO,R® 12.6 
RCO.,H + CH;N; Ко => RCO;CH; 13.5В 
RCO,R'4 ROn -——' ?*, всо,к” 13.5C 
Amides: 
i i 
RCC] + НМЕ”, КЕСМЕ”, 133Є 
1 1 
(RCO),0 + НМВ’, ——— RCNR’, 13.4C 
1 
RCO,;R' + NH, —— — RCNH; 13.5C 
Nitriles: 
Ш: © — ЕСМ 13.12C 
NaNO; im 
ArNH, 22. АМ,” СГ INL, АМ — 10.14, 13.12C 


* The syntheses of some complex esters will be discussed in Chapter 14. 
* For this reaction to be successful, a reactive halide must be used. 
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TABLE 13.7. Types of compounds that can be obtained from carboxylic acid derivatives 


Reaction Preduct Section reference 


Acid chlorides:? 


О 
ra + H,O —— — RCOH carboxylic acid 13.3С 
О 
de + КОН  — ——* RCO,R’ ester 13.3C 
О О 
ECC КЫН = а amide 1386 
о о 
nie T ROO с=т” RR anhydride 13.36, 
О О 
x tego tS ictor aryl ketone 10.9E, 13.3C 
О OH 
os GLO g^ E 3? alcohol 13.3C 
О 
RS T R56dl or СОВ к=» Ee ketone 13.3C 
О 
Uum Sioa тон aldehyde 13.3C 
O O 
wate + Cl, SS eem a-chloro acid 13.3C 
chloride 
Acid anhydrides: 
тысы + H,O Е (UU carboxylic acid 13.4С 
(RCO),0'+-ROH — > RCOR ester 13.4C 
о 
(RCO),0 + RNH —— veux amide 13.4C 
Esters :* 
RCO,R’ + н.о 2. рсон PE E — 856 
RCO,R’ + Rou ZF, всо,к” ester 13.5C 


RCO.R’ + NH, —— — RCNH; amide 13.5C 


Use of Carboxylic Acid Derivatives in Synthesis Section 13.13. 653 
TABLE 13.7. (continued) 
Reaction Product Section reference 
RCO,R’ + [Н] —— RCH,OH + HOR’ alcohols 13.5C 
он 
, (D2R'MgX E К 
RCO; унон, КСК: 3? alcohol 13.5C 
Amides: 
| H* or OH- - : í 
RCNR’, + H,O ———— RCO,H + НМВ’, carboxylic acid 13.9С 
and amine 
i 
RCNR’, + [Н] RCH;NR' amine SHC 
1 
RCNH; + Br, + OH —— ЕМН, amine 1556 
Nitriles:* 
H^ orOH ^ 5 : 
Reo ~> RCOSH carboxylic acid — 13.12D 
RCN + [H] RCH;NH,; amine 13.12D 


= Acid chlorides, esters, and nitriles may be used to synthesize more-complex 
compounds. Some of these reactions will be discussed in Chapter 14. 
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Summary 
The derivatives of carboxylic acids are usually prepared from the carboxylic acids 
themselves or from other more reactive derivatives, as shown in Table 13.6. 

The reactions of the various carboxylic acid derivatives with. nucleophiles 


are similar to one another. Differences arise from differences in reactivity of the 
various derivatives. 


increasing 


| 
Reactivity tH RC—OH a carboxylic acid 


RCOCI О 


К | | 
increasing (RCO),0 RC—NH; an amide 
reactivity 

RCO;R 


RCOCI | 
increasing (RCO),O R RC—OR' an ester 
reactivity 

RCO;R 


In addition to these reactions, the more reactive acid halides undergo 
Friedel-Crafts reactions with aromatic compounds and also undergo reaction 
with cadmium reagents or lithium dialkylcuprates to yield ketones. 


| i 
|! 
(Q 4 RCCI ehe (Ос an aryl ketone 
i 
| (1) R;Cd 
RCCI Q)H,O, H'* RCR a ketone 


Esters undergo reaction with Grignard reagents to yield tertiary alcohols. 


OH 


1) R'MgX | 
RCO;R o ВСК’, a3 alcohol 
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АП the derivatives may be reduced by catalytic hydrogenation or Бу ГАН; 
the reductions of esters and nitriles are shown: 


RCO,R —l , ВСН.ОН + НОВ’ alcohols 
RCN —H, mgcH,NH P" amine 
2 2 a amine 
STUDY PROBLEMS 
13.32. Name the following compounds: - 

1 1 1 

(а) в (Ось (b) CH;CH,COCCH,CH,CH,CH, 
|] 

(с) C,H,CN(CH,CH,), (d) CH,CH,CH,CH,CH,CN 


О 


о 
|] |] 
(е) олх—()—оссн, (f) o;N-(. ))- ocn, 


13.33. Give structures for the following compounds: 


(a) S-hydroxy-2-octenoic acid lactone 

(b) N,N-diethylpropanamide 

(c) N.N'-dimethylurea (the № and N' refer to two different nitrogens) 
(d) 2-methylpentanenitrile 

(e) ethyl 2-aminopropanoate 

(f) B-chlorobutyronitrile 

(g) benzoic formic anhydride 


13.34. List the following compounds in order of increasing bond moment ofthe indicated bond: 
| | 1 
(а) СН,С-ОСН, (D СН.С—МН, (с) CH;C—Cl 


P БҸ y 


13.35. What would be the products of the reaction of each of the following reagents with acetic 
anhydride? 
(a) cyclohexanol 
(b) p-bromophenol 
(c) piperidine (page 617) 
(d) sodium ethoxide in ethanol 
(e) excess aqueous NaOH 
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13.36. Give the organic product of the reaction with benzoyl chloride of each of the reagents in 
Problem 13.35. 


13.37. Predict the organic products and the relative rates of reaction for each of the following 
acid derivatives toward alkaline hydrolysis in IN NaOH: 


|] П || 
(a) C;H,CO,CH;CH, (0) CHCC © CH. COCER СИ. 


13.38. Predict the products of acidic hydrolysis of acetaminophen, the active analgesic (pain 
reliever) and antipyretic (fever reducer) in some popular headache remedies. 


о 


: | 
Ho—())—NHCcH, 


acetaminophen 


13.39. Complete the following equations: 


О 


| 
(а) аена «C со, IS SM 


CH, 


(b) (со, Н + PBr; — 
H,SO, 
(с) (con + С ӨН» 
(1) ПАН. 
(d) {_)—соснусн, “enon 


(e) CH;CH;CH;CO;H ЕЕ SOCI; == == 


i О 
| + 
(D CH,CH,OCOCH,CH, +D,0 ——> 


О 
| 
(D C CCCA (CH; —CHCH;EUCd ——= 


О 
| 


13.40. 


13.41. 


13.42. 


13.43. 


13.44. 


13.45. 


13.46. 


13.47. 


Study Problems 657 


Predict the saponification products (aqueous NaOH) of the following compounds: 


(Cr СИЧ. 


О 
О 
(а) (O) cncocen, (b) о 


/ 
/ 
/ 


(c) nepetalactone (page 635) 


Show by equations how you would convert ethyl acetate to: (a) acetic acid; (b) ethanol; 
(c) r-butyl alcohol; (d)acetophenone (page 452); (e) sodium acetate; 
(f) N-methylacetamide. 


Would acid hydrolysis or saponification be the method of choice for the conversion of 
2-butenyl acetate to acetic acid and 2-buten-1-01? Why? 


The following ketones can be prepared by the reaction of an acid chloride with either a 
cadmium reagent or a lithium dialkylcuprate. There may be more than one cadmium 
reagent or cuprate that could be used. Write the equations showing the various methods of 
preparing these ketones. 


4 H,C O 
(а) C,H,CH,CCH,CH, (Ы шы еы сат. 
CH, 
О 


Phosgene, СІССІ, is a toxic gas that was used as a war gas in World War I. Phosgene 
undergoes the usual reactions of an acid chloride, but can undergo these reactions twice. 
Predict the product of the reaction of phosgene with each of the following reagents: 

(a) excess Н.О; (b)excessethanol; (с) 1.0 equivalent ethanol; (d) 1.0 equivalent 
ethanol, followed by 2.0 equivalents МН.. 


Predict the products of the reactions of (a) acetic anhydride with (R)-2-octylamine, and 
(b) benzoic anhydride with (CH ,); CH!*OH. 


When 2,4,6-trimethylbenzoic acid is heated with ethanol and a trace of H,SO,, no ester is 
obtained. Suggest a reason. 


Kodel is the name of a fiber formed by the following transesterification reaction: 


[ i 
choc (C ))-Cocn, + HOCH  )-CH,on -— сва 
dimethyl terephthalate 1,4-di(hydroxymethyl)cyclohexane 


(a) What is the structure of Kodel? 
(b) How could the starting diol be prepared from dimethyl terephthalate? 
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13.48. Write the equation for the preparation of each of the following compounds from acetic 
anhydride and other appropriate reagents: 


i CH,CO, O;CCH, 
(а) CH,CNHCH(CH,), (b) 
CH;CO, © н Сш. 


13.49. What is the structure of nylon 44? Suggest a laboratory synthesis. 


13.50. An amide, like an aldehyde or ketone, is capable of tautomerism: 


О 5 H OH 

А | 
=O] SSS (C == 
amide form “enol” form 


Show all tautomeric enol forms for each of the following cyclic structures, all of which are 
found in nucleic acids: 


МН, 
N7 N 
c j | (b) | ie 
N 
ОН | О 
cytosine thymine 
О О 
NH 
(c) (dd) 4 
Kp $ A. 
H H; 
uracil guanine 


13.51. Suggest a practical method for the synthesis of: 


(a) hexanoic acid from 1-bromopentane 

(b) 2-hydroxyhexanoic acid from pentanal 

(c) f-phenylethylamine (C;SH4CH,CH NH;) from benzyl bromide 

(d) p-tolyl methyl ketone from toluene 

(e) N-cyclohexylacetamide from acetic acid i 


13.52. Propose chemical tests for distinguishing between the following pairs: 


(a) benzoic acid and methyl benzoate 
(b) ethyl benzoate and N-ethylbenzamide 
(c) benzoicacid and benzoyl chloride 


13.53 


13.54 


13.55 


Study Problems 659 


. Predict the products of catalytic hydrogenation (high temperature and pressure) of: 


. Givethe structure of the polyamide formed from the polymerization of methyl 2-aminoacetate. 


. Complete the following equations: 


CH, 


| 
(à (R-C,H,CO,CHCH,CH,CH, + OH- —22 


heat 


О 
| өрг 
(b (CH;);CCNH,+D,0 —= 
О 
(с) O + NaOCH, ===: 
O 


О 
I 


О 
|] idi 
(e) NCH,CCI + (CH;);coH 2, 


О 


13.56. Show how the following compounds can be prepared from compounds containing four or 


fewer carbon atoms: (a) acetic butanoic anhydride; (b)2-hexanone; (c) t-butyl 
pentanoate; (d) 4-propyl-4-heptanol. 


13.57. Give the products of each of the following reactions and the mechanisms for their 


formation: 


OH 
| É heat 
(а) CH,CHCO,CH, + dil HCl ——> 


heat 


(b) (CH ;),CHCO,CH, + dil. NaOH 
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13.59. 


13.60. 


13.61. 


13.62. 


13.63. 


13.64. 


13.65. 
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The reaction of phosgene (С1,С=О) with 1,2-ethanediol can lead to two products: one is 
cyclic and one is polymeric. What are the structures of these products? 


y-Butyrolactone (page 635) is warmed with a dilute solution of HCl in H;'*O. What lactones 
could be isolated from the product mixture? 


Urea is hydrolyzed by aqueous НСІ to yield МНС! and CO,. Suggest a mechanism. 


Compound А (C,;H,;ON) gives a negative Tollens test, but decolorizes a solution of Br; in 
CCl. When А is heated with aqueous NaOH, the fumes have a strong ammoniacal odor. 


(a) Suggest a structure for A. 
(b) How would you confirm your structure assignment by infrared or nmr spectroscopy? 
(Tell what absorption you would look for.) 


Suggest a mechanism for the following reaction: 


Вг, 
CH,=CHCH,CH,CO,H рду всн,-( о 


o-Phthalic acid (page 591) does not give an acid chloride when treated with ЅОСІ,. Instead, 
the half-acid chloride undergoes an intramolecular reaction to yield another product. What 
is this product and how is it formed? 


When Compound А is subjected to acid hydrolysis, no 180 is found in the product acetic 
acid. However, when Compound B is subjected to acid hydrolysis, some acetic acid 
containing !*O is isolated. Explain these observations. 


i i 
CH,C'*OCH,CH, CH;,C!*0C(CH) 
A B 


О 


| 
The acid HCCH,CH,CO,H was treated with HCN. The product has the molecular formula 


C;H50,;N. What is this product? Suggest a route for its formation. 


13.66. 


13.67. 


13.68. 
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Suggest syntheses for the following compounds: 


(a) butanal from compounds containing three or fewer carbons 
(b NCCH,;CO,CH,CH, from acetic acid and other appropriate reagents 
(c) the local anesthetic benzocaine (ethyl p-aminobenzoate) from benzene 


« | 


/ | f vA 
(e) 4 P C E BE from cyclohexylmethanol and no other organic reactants 


The nmr spectrum of Compound А is shown in Figure 13.11. When А is heated with 
aqueous acid, the products are acetic acid and acetaldehyde. What is the structure of A? 


Compound А (C,,H, ,O.) was treated with dilute aqueous acid to yield the single 
compound B. When А was heated with ethanol and а trace of H,SO.. C was obtained as 
the only product. The infrared spectra of А and B and the nmr spectrum of C are shown in 
Figure 13.12. What are the structures of A, B, and C? 


а № = 300 200 mco = он» 


FIGURE 13.11. Nmr spectrum for Problem 13.67. 
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FIGURE 13.12. Spectra for Problem 13.68. 


СНАРТЕК 14 


Enolates and Carbanions: 
Building Blocks for Organic 
Synthesis 


N ucleophilic reagents undergo reaction with compounds that contain 
partially positive carbon atoms. 
Nw ROK — —— UNSUROXC 
o o- 
Nu + R—C—R =? AN 
Nu 


Reagents that contain nucleophilic carbon atoms, carbon atoms with carb- 
anion character, also attack partially positive carbon atoms. As an example, a 
Grignard reagent, which has a partially negative carbon atom, attacks carbonyl 


groups. 


Сб: :0: ^ MgBr 
"CORE | ll | 
CH,CH,MgBr + CH,CCH, CH,CCH, 
CH,CH, 


The attack of one carbon upon another results in a new carbon-carbon bond. 
Reagents like Grignard reagents with nucleophilic carbon atoms allow a chemist 
to synthesize compounds with complex carbon skeletons from simple compounds. 

Grignard reagents are but one of many reagents with nucleophilic carbons 
that are available to the organic chemist. Another versatile class of reagents for 
building complex molecules are the enolates. Recall from Section 11.16 that a 
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hydrogen « to a carbonyl group is acidic and can be removed by a strong base. 
The resulting enolate anion contains a partially negative carbon atom. 


\ | 
CH,CH,OC CH;CH;OC 
GH, + Ма’ ТООН Н, == СН Ма” + CH,CH,OH 
Ба sodium ethoxide CH4CH;OC ethanol 
| 
О О 
diethyl malonate diethyl sodium malonate 


an enolate 


Enolates can enter into a number of organic reactions. One is S42 displace- 
ment of a halide ion from a methyl or primary alkyl halide. This reaction is called 
an alkylation reaction because an alkyl group becomes attached to a carbon of the 
enolate. A typical alkylation reaction is the reaction of the enolate of diethyl 
malonate with an alkyl halide: 


n Фе 0 
шо E CH, Яе сше А 
< \ м =сн,сн,он ” SEA SONS. + :Br: 
CH,CH;OC H | E as solvent CH,CH,OC 
= О 
the enolate ion 1-bromobutane diethyl n-butylmalonate 
85% 


An alkylation reaction is just one technique for the synthesis of complex 
carbon skeletons using enolates as nucleophiles. However, before we begin a dis- 
cussion of the synthetic utility of enolates, let us consider their formation. 


SECTION 14.1. 


Acidity of the Alpha Hydrogen 


A hydrogen that is x to a carbonyl group is acidic primarily because of resonance- 
stabilization of the product anion. 
но (©з i: 
ci Ĝi | 
CHiOr Си ССН. ЖЕ СИОН CCH, — 5 Ser, — cane 
acetone resonance structures for 
the enolate ion of acetone 


Because of the resonance-stabilization in the enolate ion of acetone, acetone 
is a far stronger acid than an alkane. (However, acetone is only one ten-thousandth 
as strong an acid as ethanol.) 


mou om 
CH;CH; «ЕСС CH;,CH,0—H 
ethane acetone ethanol 


pK, = 43 pK, = 20 pK, —16 
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The alpha hydrogen of an ester is less easily removed than that of an aldehyde 
or ketone because the carbonyl oxygen is already participating in delocalization. 
In an ester, the carbonyl oxygen already carries а partial negative charge from 
delocalization of the electrons on the alkoxyl oxygen. Therefore, the carbonyl 
group is somewhat less able to delocalize the anionic negative charge of the enolate. 
The resonance structures for a typical ester, ethyl acetate, follow: 

О: 38 
И js 
CH,—C-—OCH;CH, +» CH,;—C=OCH;CH; 


major contributor 


Because the x hydrogen of an ester is less easily removed, a simple ester is less 
acidic than a ketone. 


nsi 
CH,COCH,CH, 


ethyl acetate 
pie = 25 


А hydrogen alpha to a single carbonyl group is less acidic than that of an 
alcohol; therefore, treatment of an aldehyde, ketone, or ester with an alkoxide 
results in a very low concentration of enolate ions. If we want a reasonably high con- 
centration of the enolate, we must use a much stronger base, such as NaNH, or 
NaH. 


О 
CH;COCH,CH; ap FOGHECH, —— 008 EGLI GOGH GHEE ЯР HOCH,CH, 
ethyl acetate not favored ethanol 
pA, =25 [0 = ПО 
О О 


| |] 
CH,COCH;CH; + NH, ===»  CH;COCH;CH,-4 NH, 
pK, = 25 favored pK, = 35 


If a hydrogen is alpha to two carbonyl groups, the negative charge on the 
anion can be delocalized by both C=O groups. Such a hydrogen is more acidic 
than that of an alcohol. A high concentration of enolate may be obtained by 
treatment of a fji-dicarbonyl compound with an alkoxide. Table 14.1 (page 666) lists 
the pK, values for some compounds with hydrogens alpha to one and two carbonyl 
groups. 


rf i E. || 
CHIGCHCCH, Е OCH, == CH CCHCCH T CH OH 
2.4-pentanedione favored рК = 195 
pK, =9 


Resonance structures of те enolate ion: 


0: :ӧ i57] :О iÓ NO 
Gin лы ү? Ж | 


666 Chapter 14 Enolates and Carbanions 


TABLE 14.1. pK, values for some carbonyl compounds 


Structure Name Approx. pK, 
По si 
СН.ССНССН, 2,4-pentanedione 9 
ü (acetoacetone) 
О 
CH MOS OR 2СН, ethyl acetoacetate 11 
à (acetoacetic ester) 
| 
СН a ta 2CH; an alkylacetoacetic 13 
кн ester 
CH;CH,O0CCHCOCH,CH, diethyl malonate 13 
à (malonic ester) 
О 
сиса з acetone 20 
" 
О 
єн.Сосн 2СН. ethyl acetate 25 
H 


Not only a carbonyl group, but any strongly electron-withdrawing group, 
enhances the acidity of an alpha hydrogen. Some other compounds that are more 
acidic than ethanol are: 


| 
а. саса CH;NO; 
н н : 
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STUDY PROBLEMS 


14.1. Which of the indicated hydrogens are acidic? 


(a) CH;CH=CHCHO (b) C,H,CHO (с) CH,CH,CO,CH,CH, 


14.2. Write an equation to show the acid-base reaction, if any, of each of the 
following compounds with sodium ethoxide: 


(а) CH,CH,CHO (b) (CHj,CHCO,CH,CH; 
МО, 

(с) (СН».ССО.СН.СН, (4) ох у-син, 

(e) CsH;CH,NO, (f) CH;(CO;H), 


SECTION 14.2. 
Alkylation of Malonic Ester 


One of the more powerful tools at the disposal of the synthetic organic chemist 
is the reaction of an enolate with an alkyl halide. In this section, we will emphasize 
the alkylation of malonic ester. In general, the end products from alkylation of 
malonic ester are x-substituted acetic acids. In the following example, ће В group 
comes from RX. (In the discussions that follow, we will use —C,H, to represent 
the ethyl group.) 


General: 
from RX 
О 
ӨЗ ocn. | | || 
CH:(CO;.C.H.). UM TL RCH(CO;C.;H.) H,0.H > RCH,COH 
- . h eat 
diethyl malonate a diethyl -СО, an x-substituted 
(malonic ester) alk yImalonate acetic acid 
y from RX 
(1) Жат OCH; НЕОН a 
CH;(CO;C;H;) (2) CH,CH,Br CH;CH;CH(CO;C;H,) T CH,CH,CH;CO,H 
diethyl malonate diethyl ethylmalonate -CO; butanoic acid 


80%, 


A malonic ester alkylation consists of four separate reactions: (1) prepara- 
tion of the enolate; (2) the actual alkylation; and (3) hydrolysis of the ester, 
followed by (4) decarboxylation of the resulting -dicarboxylic acid. 


Preparation of the enolate: 


@н (@©„@„м + МЕЕ eH.) = NATIECH(CO;C;H,), + HOC,H; 
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CH,CH,CH(CO,C,H,), 


14.3. 
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Alkylation: 


caca, he + ~CH(CO;C3H,), = ОШ СЫ, ОН ОШ + ike 
DU = 


Hydrolysis and decarboxylation: 
A 607 
CH4CH;CH Жш” CH4CH;CH;CO;H 
CO,H 


H;O.H* 
heat 


While there are many chemical reactions involved in this sequence, the 
laboratory procedure is quite simple because all the reactions can occur in the same 
reaction vessel. One reactant is added after another, and the final product is isolated 
as the last step. (Sometimes the intermediate alkylated ester is purified prior to 
hydrolysis and decarboxylation in order to simplify the final purification.) Let us 
discuss each of the steps in this reaction in more detail. 


A. Formation of the enolate 


The enolate of malonic ester is usually prepared by treatment of the ester with 
sodium ethoxide. Therefore, step 1 is the dissolving of sodium metal in anhydrous 
ethanol (not the common 957; ethanol). (Why not?) Excess ethanol serves as the 
solvent for the reaction. Step 2 is the addition of diethyl malonate. The ethoxide 
ion is a stronger base than the enolate ion; therefore, the acid-base equilibrium 
lies on the side of the resonance-stabilized enolate anion. 


Na CHOL Sa (OG; PIA 


|] | П || 
C,H,OCCH,COC,H, + ОСН; ===> С,Н;ОССНСОС,Н,» + HOCH, 


favored 


STUDY PROBLEM 


Predict what would occur if a chemist added diethyl malonate to a solution of 
sodium methoxide in methanol. 


B. Alkylation 


The alkylation reaction is a typical S42 displacement by a nucleophile. Methyl 
and primary alkyl halides give the best yields, with secondary alkyl halides 
giving lower yields because of competing elimination reactions. (Tertiary alkyl 
halides give exclusively elimination products, and aryl halides are nonreactive 
under S42 conditions.) 


к= 
(CHOO +. CH, LB EM. (C,H,O;C),CHCH, + Br- 
CH, ан, 


14.4. 
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STUDY PROBLEM 


Predict the products of the following reactions: 


(D Na’ ^OC,H, 
Ue SE: 


(а) CH,(CO;C:H, (scu cH.CH.E 


(1) Ма” СОС,Н, 
СЭ ЕСЕ 
(2) CH,CH,1 


(b CH,CH(CO;C.H,) 
The product of the alkylation still contains an acidic hydrogen: 
О 


CHOC  CH,CH, 
w 


tan S 
— H, ~“ iic 


О 
This second hydrogen сап be removed by base, and a second R group сап be 


substituted on the malonic ester. This second R group may be the same as, or 
different from, the first. 


Sicionco.cn,), S Oeh, 


diethyl ethylmalonate 


ies 
GHyCHIGIGOSCHuHSe eH CHECO CH); 
an enolate diethyl 


ethylmethylmalonate 


C. Hydrolysis and decarboxylation 


We have mentioned previously that a compound with a carboxyl group beta 
to a carbonyl group undergoes decarboxylation when heated. The mechanism for 
decarboxylation was shown in Section 12.11C. If malonic ester (substituted or not) 
is hydrolyzed in hot acidic solution, a B-diacid is formed and may undergo de- 
carboxylation. (Sometimes decarboxylation does not occur until the diacid is 
distilled.) 

о о 


| heat 


—GCHAGH 3: сан. t Go, 


Hydrolysis and decarboxylauon: 


O O 
Il Il 
R COC;H; R COH R 
/ НО -CO, SS 
TLN Aes P Ба > , €HCO;H 
R СОС.Н; E R' 
i 
О O 
an a-disubstituted an a-disubstituted 


malonic ester acetic acid 
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What if a chemist does not want a decarboxylation product, but wants a 
diacid? A diacid may be prepared by saponification of the diester in base, followed 
by acidification. This way, the carboxylic acid itself is not subjected to heat and is 
less likely to undergo decarboxylation. 
Saponification and acidification: 
R СО,С,Н R CO,” R СОН 
TA 2V 2115 H,0, OH” m 2 " Wy 2 
eS heat pe C 
R’ CO;C;H; R’ Co, R' CO,H 
an x-disubstitured 
malonic acid 
STUDY PROBLEMS 
14.5. Write equations for the following reactions: 
(a) saponification of diethyl n-propylmalonate, followed by treatment with cold HCI 
(b) acid hydrolysis of diethyl dimethylmalonate 
14.6. Give the mechanism for the decarboxylation of methylmalonic acid. 


SECTION 14.3. 
Alkylation of Acetoacetic Ester 


Alkylation reactions are not limited to the enolate of diethyl malonate. Other 
enolates also undergo $2 reaction with methyl or primary alkyl halides to yield 
alkylated products. Another commonly used enolate is that obtained from 
ethyl acetoacetate (acetoacetic ester). The end product of alkylation of acetoacetic 
ester is an a-substituted acetone. 


General: from RX 
| [| П 1 1 
(1) Ма’ TOCH; н.о. Н“ Ч 
CH CGH, GOGH, == 7 CH,CCHCOC,H, ———>  CH,CCHR 
ethyl acetoacetate | —-CO;  ana-substituted 
(acetoacetic ester) acetone 
an ethyl 
alk ylacetoacetate 
| | ре. a 
(1) Na* ~OC,H, 
CH;CCH;COC;H; (2) CH,CH,CH,CH,Br 
from RX 
О 
NT non I — 
СН,ССНСОС,Н, шсш СНн,ССНн,СН,СН,СН,Сн, 
CH,CH,CH,CH, -CO; 2-heptanone 


60%, 


14.7. 


14.8. 


Syntheses Using Alkylation Reactions Section 14.4. 671 


The steps in an acetoacetic ester synthesis are similar to those for a malonic 
ester synthesis. 


Preparation of the enolate 
NA NE, 
CH,CCH;COC;H; + OC)H, = CH,CCHCOC,H, + HOCH, 


Alkylation: 
П ll i. li 
CH,CCHCOC,H, + кх ==; SS > 
БЕ T 
R 
Hydrolysis and decarboxylation: 
O O О 
и | d П cdi | 
R R 
STUDY PROBLEMS 


Fill in the blanks: 


M 


( cese 
Na* “OCH; 


CH,CCH,CO,C,H, 


Show how the following compounds can be prepared from acetoacetic ester: 


1 | 
(а) CH,—CHCH,CHCCH, (Ы) (CH,CH;,CHCCH, 
CO,C,H; 


SECTION 14.4. 


Syntheses Using Alkylation Reactions 


In general, the products of alkylation reactions of malonic ester or acetoacetic 
ester are substituted acetic acids or substituted acetones. 


From malonic ester: 


R 
Ne 
R—CH;CO;H Or , CHCO;H 
R 
From acetoacetic ester: 
O R [0] 


| мы 
R—CH,CCH, or , CHCCH, 
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However, we can also obtain diacids, diesters, keto acids, and keto esters. 
The assorted products that may be obtained from alkylation of malonic ester or 


acetoacetic ester are summarized in Figure 14.1. = 
It is comparatively easy to predict the products of a reaction when we are 


given the reactants. It is somewhat more difficult to decide upon specific reactants 
to use in a synthesis problem. Remember to work the problem backwards: if you 


CH,(CO,C,H,), 


malonic ester 


, H* -CO 
RCH(CO,C,H,, 7595 RCH(COH) — > RCH,CO,H 


a diester a diacid an acid 


base 
R'X 


R R R 
Neco.c,Ho, S ‘eco, = — "eHeo 
p ( 2—2 5)» heat ^ ( 2 ) heat ^ 2 

R' R' R' 


a diester a diacid an acid 


О 
|| 
CH,CCH,CO;,C;H, 


acetoacetic ester 


О О 


200 


| n || | 
CH, CCHCO,C.H, тл, єн,сєнсо,н Sts CH,CCHjR 


R R 


a keto ester а keto acid a ketone 


base 
R'X 


О 


| но | _со | 
CH,CCCO;C;H, ILE. бое = CH,CCHR 


heat heat 
R R' R R' R’ 


a keto ester a keto acid a ketone 


FIGURE 14.1. Products from the alkylations of malonic ester and acetoacetic ester. 
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are asked to synthesize a compound by an alkylation reaction, first decide what 
dicarbonyl compound you would need, then pick the alkyl halide. 


CO,H CH from malonic ester 
/ Sil 
CH,—CH CHCO.H 
\ ` сй 
CO,H EX А 
from СНХ from malonic ester from СНХ 
from 
|1 acetoacetic 
CCH, 7 ester 
CH,CH.CH,CH сн,сн ИШЕ 
сосн, CH, 


from CH;CH,CH,X 


from acetoacetic ester ‘from CH,X 
‘from CH4CH;X 


Example: ЇЇ you were asked to write the equations for the synthesis of 3-methyl-2- 
pentanone, you would: 


l. write the structure ; 
2. decide what B-dicarbonyl compound you would need; and 
3. decide what alkyl halides would have to be used for the substitution. 


т Yum hydrolysis and decarboxylation of ether 
um CH,CH, UM. ШЫР, 
сн, CH, 


It is evident that the f-dicarbonyl starting material is acetoacetic ester. The alkyl halides 
needed are СН,Х and CH,CH;X. Now, equations for the steps in the synthesis may be 
written: 


О 


H 
(D CH.CCH,CO,c,u, "ос: 


|] 
Е сн,Сєнсо.с,н. 


CH, 


i 5 Îl 
) МаОС,Н; 
(2) СН ея (2) CH,CH;Br USC Ets 


СН, Н.С СН›СН, 


| TATE 
G) CH,C—7C-—CO;CH, === сасна, 


Н.С CH;CH; -CO; CH; 
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SAMPLE PROBLEM 
Suggest a reaction sequence leading to 3-phenylpropanoic acid. 


irom benzyl bromide 


Solution: (=ч. СН›СО,Н | from malonic ester 


Е Na’ с.н, х 
Es e Пос, 


Q) Са. CON ,- E снос 


H.O. H^ 
(3) C,H.CH;CH(CO;C;H.); "m 
CO, 


C,H.CH,CH,CO,H 


STUDY PROBLEM 


14.9. Show how you could synthesize the following compounds by alkylation 


reactions: 
(a  CH4CH;CH;CH;CH(CO;H); (b (CH;),CHCO,H 
О 
T CH(CO;C;H;) 
CH4,CCHCH,;CH;CH d 
(c) 3 | 2 2 3 (d) CH,CO,C,H, 
CH, 
O 
CN 
(e) (f) CH;CH(CH); 
CN 
О 


SECTION 14.5. 


Alkylation and Acylation of Enamines 


Another type of organic compound containing a nucleophilic carbon that can 
undergo alkylation reactions is an enamine. In Section 11.10C, we discussed the 
formation of enamines from secondary amines and aldehydes or ketones. 


Formation of an enamine: 


RCH; R RCH R 
ES / н” М 
== кыен gom Cy) + H,O 
N 2 N 
R R R R 
a ketone a 2° amine an enamine 


H* 
( у= + HN pem = (Ук Y+ H,O 


cyclohexanone piperidine an enamine 
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The nitrogen of an enamine has an unshared pair of electrons. These electrons 
are, in a sense, in an allylic position and consequently are in conjugation with the 
double bond. Resonance structures for the enamine show that the carbon f to the 
nitrogen has a partial negative charge. 


RCH A RCH Ж 
kb. MESA T ^— C—N 
/ г. N 
R R R 


resonance structures for an enamine 


This f carbon has carbanion character and can act as a nucleophile. For ex- 
ample, when an enamine is treated with an alkyl halide, such as CH,I, the enamine 
displaces the halogen of the alkyl halide in an S42 reaction. The result is alkylation 
of the enamine at the position that is f to the nitrogen. 


Alkylation (cn. to nitrogen 


0-0 — Oa бо 


an iminium ion 


the enamine 


The product iminium ion is readily hydrolyzed to a ketone. The net result of 
the entire reaction sequence is alkylation of a ketone in the x position. 


x to C=O 
CH, (op 
H- + 
N* === O + BN 


the iminium ion 2-methyl-1- piperidinium ion 
cyclohexanone 


Hydrolysis: 


a ketone 


A generalized sequence for an enamine synthesis follows: 


Preparation of enamine: 


R 
| H* | } 
R,CH—C=0O + HN ЕЕ ==. 


Substitution reaction: 


R R 
| RX | + 
R,C=C—N ——— pr ML 
\, to № 


676 Chapter 14 Enolates and Carbanions 


Hydrolysis: 
R R 
| ^ н“ | y 
Б ао магы + H,N 
R' R' 


\, to С=0 


SAMPLE PROBLEM 


Give the steps in the preparation of the following ketone, using an enamine 
synthesis with piperidine as the amine. 


O 


n E 


4Q © 
NH 

25 CH;—CHCH;CI. e мре 
«КЕ И chch cu. ‘=~ Е 


The alkylation step in an enamine synthesis 15 an S42 reaction with a rather 
weak nucleophile. (Why?) It is not surprising then that only the most reactive 
halogen compounds are suitable as alkylating agents. These compounds include 
allylic halides, benzylic halides, x-halocarbonyl compounds, and iodomethane. 
(Ordinary alkyl halides other than CH,I are attacked by the enamine nitrogen, 
rather than by the carbon.) 


Solution: 


Some reactive halides: 


f f 
| 
CH;CCI CH,=CHCH,Cl C,H;CH,Cl BrCH,CCH, CHI 
acetyl allyl chloride benzyl bromoacetone iodomethane 
chloride chloride 


The reactions of enamines with x-halocarbonyl compounds and acid halides 
follow similar paths to that of alkylation. In each case, the final product (after 
hydrolysis) is a ketone substituted at the х position. 


ll 
е Кесе? CH,COC,H, 


О-о sies QUO) в С 
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SAMPLE PROBLEM 


How would you prepare the following compound by an enamine synthesis? 
О. СН; 


фа 
орао 
CH; 
Solution: О 68; 


о CH,C—C—CHO i 
from сн.са 7 CH N from (CH4);,CHCH 
3 


Reaction sequence: 


О NH 


ll 
ҺЕ ЕСИН > [2 ) 


(CH,),CCH=N | 


i 
Q СНС о сн, 
CH4CCI + Н.О, H“ || В. 
: (СН,)>ССН=М в -CH,€_C—_GHO 


STUDY PROBLEMS 


14.10. Suggest a mechanism for the hydrolysis of the iminium ion in the preceding 
sample problem. 


14.11. Enamine syntheses are generally carried out using a cyclic amine as the 
secondary amine. Suggest a reason for this. 


Three cyclic amines used in enamine syntheses: 


Cyn 5S < 
ел 


Н 


piperidine pyrrolidine morpholine 


14.12. Predict the products: 


pyrrolidine C,H;CH,Br H;O.H* 
О === —————— т==г” 


14.13. Show how you would prepare the following compounds by enamine syntheses: 


|] 
CH,CCH, 


О О 


| 
(а) CH3CH,CCH(CH;), (b) 


Y^. 
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SECTION 14.6. 


Aldol Condensations 


So far, we have been discussing the displacement of halide ions by nucleophiles. 
A reagent with a nucleophilic carbon atom can also attack the partially positive 
carbon ofa carbonyl group. The rest of this chapter will be devoted to the reactions 
of enolates and related anions with carbonyl compounds. 


Ó: :О: 
© 


Nu +—C— — —C— 


Exc | 


Ми 


When an aldehyde is treated with a base such as aqueous NaOH, the resulting 
enolate ion can undergo reaction at the carbonyl group of another molecule of 
aldehyde. The result is the addition of one molecule of aldehyde to another. 


trom one aldehyde 


O OH 


|| OH | | 
2CH,CH = СН.СН ев 


acetaldehyde 3-hydroxybutanal 
(acetaldol or aldol) 
50% 


This reaction is called ап aldol condensation reaction. The word “aldol,” 
derived from aldehyde and alcoho/, describes the product, which is a -hydroxy 
aldehyde. A condensation reaction is one in which two or more molecules combine 
into a larger molecule with or without the loss of a small molecule (such as water). 
The aldol condensation is an addition reaction in which no small molecule is lost. 

How does an aldol condensation proceed? If acetaldehyde is treated with 
dilute aqueous sodium hydroxide, a low concentration of enolate ions is formed. 
The reaction is reversible—as enolate ions undergo reaction, more are formed. 


:О:7 
| ГЕ | | 
сн,Сн + OH- „== |-ён,сн < CH,=CH]|+H,0 


resonance structures for 
the enolate ion 


The enolate ion undergoes reaction with another acetaldehyde molecule by 
adding to the carbonyl carbon to form an alkoxide ion, which abstracts a proton 
from water to yield the product aldol. 


x hydrogens 


со 3 OH | 
[| | || H,O NEN 
CH,CH + C€H,GH z—— |Ен СЬС ееси онен Си Clie 
и" 


an alkoxide ion 
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Note that the starting aldehyde in an aldol condensation must contain a 
hydrogen х to the carbonyl group so that it can form an enolate ion in base. The 
aldol product still has a carbonyl group with x hydrogens. Can it undergo further 
reaction to form trimers? tetramers? polymers? Yes, these materials are by- 
products of the reaction. For simplicity, we will show only the dimer products and 
ignore the fact that other, higher-molecular-weight products may also be formed. 

We have shown the aldol condensation for acetaldehyde. Other aldehydes 
also undergo this self-addition. Ketones undergo aldol condensations, but the 
equilibrium does not favor the ketone-condensation product. (Why not?) Although 
there are a number of laboratory procedures that can be used to induce ketone 
condensations of the aldol type, the reaction is not as useful with ketones as it is 
with aldehydes. Therefore, we will concentrate our present discussion on alde- 
hydes. Two other examples of aldol condensations follow: 


Other examples of aldol condensations: 
о о OH O 
| | OH- | ll 
CH,CH;CH + CH,CH.CH => CH,CH;CH-—CHCH 
E | 


CH, 


an aldol 


propanal 


о О OH CHO 
| | OH- | 
E CH CH 
cyclohexanecarboxaldehyde an aldol 


SAMPLE PROBLEM 


Show how you could prepare 3-hydroxy-2,2.4-trimethylpentanal by an aldol 
condensation. 


Solution: Write the structure and indicate the carbon-carbon bond formed in the 


condensation. 

CH; /| the new carbon-carbon bond 

| * & Л 

CH,CHCH>CCE 
{ OH 
[ 
from (СН,)-СНСН 

White the equation. 


OH 
a OH- | | 
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14.15. 


Chapter 14 Enolates and Carbanions 


STUDY PROBLEMS 


Which of the following aldehydes can undergo self-condensations? Explain. 


CH, 
(a) (O) cro (b) HCHO (c) To 


(d) (CH3);CCHO (е) (CH,CH,),CHCHO 


Predict the product of the self-condensation of: (a) butanal; (b)acetone; 
(c) 3-methylbutanal. 


A. Dehydration of aldols 


A ß-hydroxy carbonyl compound, such as an aldol, undergoes dehydration readily 
because the double bond in the product is in conjugation with the carbonyl group. 
Therefore, an a, f-unsaturated aldehyde may be readily obtained as the product of an 
aldol condensation. 


| | i 
CH,CH—CH,CH 4, CH,CH=CHCH + H,O 
3-hydroxybutanal 2-butenal 


(crotonaldehyde) 


When dehydration leads to a double bond in conjugation with an aromatic 
ring, dehydration is often spontaneous. 


ш n O 
| 
(С) -ен-ен,ен к (C)-cu=cuen че КЫ 
3-hydroxy-3- 3-phenylpropenal 
phenylpropanal (cinnamaldehyde) 


B. Crossed aldol condensations 


An aldehyde with no « hydrogens cannot form an enolate ion and thus cannot 
dimerize in an aldol condensation. However, if such an aldehyde is mixed with 
an aldehyde that does have an alpha hydrogen, a condensation between the two 
can occur. This reaction is called a crossed aldol condensation. A crossed aldol 
condensation is most useful when only one of the carbonyl compounds has an 
x hydrogen; otherwise, mixtures of products result. Methyl ketones may be used 
successfully in crossed aldol condensations with aldehydes that contain no x 
hydrogen, as in the second example following. 
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P OH 


[e] о О 
| OH- | | -H,O | 
Па + CHCH,CH — >, CH—CHCH 
К. 57 


benzaldehyde acetaldehyde cinnamaldehyde 


(no x hydrogens) 


о 


о о 
i \ = I 
Инс —— CH= CHCCH, + H,O 


4-phenyi-3-buten-2-one 
90° 


acetone 


OH 


| | он- | 
(CH;);CCH +CH;CH -=> (CH;);CCH—CH,CH 


2 2-dimethylpropanal 3-hydroxy-4,4-dimethylpentanal 


STUDY PROBLEM 


14.16. Predict the major products: 
(а) C,H,CHO + CH,CH,CH,CHO —°+ > 


о 
| он- 
(b) с.н.сно + CH,CH,CCH,CH, — 


C. Syntheses using aldol condensations 


In an aldol condensation, two types of product can result: (1) 6-hydroxy aldehydes 
or ketones, and (2) x, f-unsaturated aldehydes or ketones (see Figure 14.2). [n a 
synthesis problem, look for these functionalities and decide which aldehydes or 


ketones must be used for the starting materials. 


OH 


P | T 
Q CH,CH,CH,CH а 
CH. 2 CH,CH; 
A. / / 


from acetophenone from butanal 
о 
mM 
‚Е ETT 


=. 


from benzaldehyde from propanal 


——— 


-— 
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Self-addition (reactant must have an x hydrogen): 


OH О І Oo 
yc: ae | EL i 
2 RCH;,CH -=> MESES сес iod DEF 58 


R R 


a B-hydroxy an x.[i-unsaturated 
aldehyde aldehyde 


Crossed (one reactant must have an x hydrogen): 
OH 
| | OH- | | н* | 
В.ССН + RCH;CH = POE — m = HEERE 
R R’ 
а B-hydroxy an x,f-unsaturated 
aldehyde aldehyde 


О о О 

| | он- | 

СН + RCH,CH ———^ кай 
R 


an x,B-unsaturated 
akdehyde 


FIGURE 14.2. Products from aldol condensations. 


SAMPLE PROBLEMS 
The following ketone can be prepared in 90% yield by a crossed aldol condensation: 


[| 
(©) сн=сибснснь: 
What organic reactants are needed? 


Solution: 


C,H.CH 
from С.Н; from CH,CCH(CH); 


How would you make the following conversion? 
[| [| 
СН.ССН, ——— CH;—CHCCH; 


acetone 3-buten-2-one 


Reactions Related to the Aldol Condensation Section 14.7. 


Solution ү 
CH,=CHCCH, 
| | 
from HCHO from CH,CCH, 


о О OH О 


| | он | - 
HCH + CH,CCH, —=* CH,—CH,CCH, —~— CH,—CHCCH, 


heat 
—H;O 


STUDY PROBLEM 
14.17. Suggest syntheses for the following compounds from aldehydes or ketones: 
СН, 
(а) ps (b) Ссн, 
СН, О 
О О 
Г Y | | 
(с) CH—CHCH (d) CH 
OH 


SECTION 14.7. 
Reactions Related to the Aldol Condensation 


We have shown aldol condensations and crossed aldol condensations ; however, 
for this type of condensation to occur, all that is needed is one compound with a 
carbonyl group plus one compound with an acidic hydrogen. The Knoevenagel 
condensation is the reaction of an aldehyde with a compound that has a hydrogen 
x to two activating groups (such as С=О or С=ЕМ), using ammonia or an amine 
as the catalyst. Under these conditions, malonic acid itself may be used as a 


reactant, as shown in the second example following. 


Knoevenage! condensations 
[9] 


|| piperidine 
(CH;),CHCH,CH + CH;(CO;CH,), === 
3-methylbutanal diethyl malonate 


(CH;),CHCH;CH—C(CO,C,H,), + H,O 


78% 


о 
ll - 
Осн + СнИСО,Н), > (СО) -сн=снсо,н + H,O + CO, 


benzaldehyde malonic acid 3-phenylpropenoic acid 
(cinnamic acid) 
85% 
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A variation of the Knoevenagel reaction allows the less reactive ketones to 
undergo condensation with the more acidic ethyl cyanoacetate (pK, — 9, compared 
to pK, — 11 for diethyl malonate). 


CN CN 
/ NH,* -O,CCH, A 
Pr ng ids glacial CH,CO,H ez + H,0 
COCH; benzene CO;C;H; 
heat 
ethyl 80% 
cyanoacetate 


SAMPLE PROBLEMS 
Suggest a technique for the preparation of CCH;CH—CHNO,;. 


Solution: 


from benzaldehyde from nitromethane 


O 
ll OH- 
C,H,CH + CH,NO, = C,H,CH=CHNO, + Н,О 


How would you prepare the following compound? 


ОО) 


Solution: R \ 
C,H,CH=CG,H, 
Ls z 
from C;H,CHO — from CSH,CH;CN 
CN CN 


О 
|] OH- | 
C,H,CH + CH,C,H, ===» C,H,CH—CC,H, + H,O 


STUDY PROBLEM 


14.18. Suggest synthetic routes to the following compounds: 


| 
(а) > (Ъ) (cen, 
CN 


Ester Condensations Section 14.9. 685 


SECTION 14.8. 


Cannizzaro Reaction 


An aldehyde with no x hydrogen cannot undergo self-addition to yield an aldol 


product. 
О О 
| [| | ns 
CH or HCH —— по aldol product 
benzaldehyde formaldehyde 


If an aldehyde with no x hydrogen is heated with concentrated hydroxide 
solution, a disproportionation reaction occurs in which one half of the aldehyde 
molecules are oxidized to a carboxylic acid and one half are reduced to an alcohol. 
This reaction is known as the Cannizzaro reaction. Aldehydes with a hydrogens do 
not undergo this reaction; under these conditions, they undergo an aldol con- 


densation. 
[| [| 
. KOH 
2 OSa — C©)-co- „( )—снон 

benzoate ion benzyl alcohol 

ll conc. KOH | 

2HCH —=— нсо- +CH,OH 

formate ion methanol 


The Cannizzaro reaction is initiated by attack of "OH on the carbonyl 
carbon, followed by a hydride transfer. 


Artack by OH 
Ó: :Ö:7 
Ci b | 
fic—H + Зоны —— ШС 
p | 
:OH 
Hydride transter 
:0:3 О О 
È А i _ | р 
HC + сб: | —— вс «cuo 


HC—H ~ `с=0: 
| к | | 
Он :OH my. :Q:7 


SECTION 14.9. 


X 


Ester Condensations 


Esters with alpha hydrogens can undergo self-condensation reactions to yield 
D-keto esters. An ester condensation is similar to an aldol condensation; the 
difference is that the —OR group of an ester can act as a leaving group. The 
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result is therefore substitution (whereas aldol condensations are additions). 
Simple ester condensations, such as the following examples, are called Claisen 
condensations. (Note the naming of the keto ester products.) 


Na* OC;H | || 
2:0] GO GIL АА НОНО О 
ethyl acetate ethyl 3-oxobutanoate 
(ethyl acetoacetate) 
757, 


| ШЙ осун. Ж 
2. GH,CH;COC/H, а, ondes Com -CHOH 


ethyl propanoate 
y! prop CH, 
ethyl 2-methyl-3-oxopentanoate 


45% 


Let us look at the stepwise reaction. First is the formation of the enolate of the 
ester by an acid-base reaction with the alkoxide ion. (An alkoxide, rather than a 
hydroxide, is used as the base to prevent saponification of the ester.) As in the 
aldol condensation, a low concentration of enolate is formed because the enolate 
(with only one carbonyl) is a stronger base than the alkoxide ion. 


Enolate formation: 
б, :О: 
Îl Л - | Б 
CH COCH + :OC,H, «==> CH ЕВ оо C;H,OH 
ethyl acetate resonance structures for the enolate ion 


The nucleophilic carbon then attacks the carbonyl group in a typical car- 
bonyl addition reaction. This addition of the enolate is followed by elimination of 
ROH. The entire sequence is thus a typical nucleophilic acyl substitution reaction 
of a carbonyl compound, similar to those you encountered in Chapter 13. 


Attack on carbonyl group: 


(e :О:- 
| _ addition | 
ео = жы О 
CH;CÓ;C,H; 

Loss of ROH: 
On D 

[2 e elimination ll =a 

CH;C-COC;H; quo e СН;С + ОСН; === 

CH,CO,C,H, CH,CO,C,H; 


О 


» T 
CH,CCHCO,C;H, +HÖC,H; 


the enolate of 
ethyl acetoacetate 
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The product В-Кето ester is more acidic than an alcohol because it has hydro- 
gens that are x to two carbonyl groups. Therefore, the product of the condensation 
is the enolate salt of the B-keto ester. The fi-keto ester itself is produced when the 
reaction mixture is acidified with cold, dilute mineral acid. 


. ll 
2 несов Cu. 


ethyl acetoacetate 


|! _ 
сн.сбнсо.с.н, 


а B-keto ester 


A В-Кею ester may be hydrolyzed by heating in acidic solution, in which case 
decarboxylation may occur. 


Hvdrolvsis and decarboxylation: 


i i | 
H^. H:O., heat -CO; 
CH4CCH;CO;C;H; -C,H,OH CH;CCH;CO;H Thea CH,CCH, 
a B-keto ester a ketone 


SAMPLE PROBLEM 


Predict the product of the ester condensation of methyl butanoate with sodium 
methonide as the base. followed by acidification. 


Solution: 
1. Write the structure of the starting ester and determine the structure of the 
enolate ion. 


О © 
| EM 


2. Write the equation for nucleophilic attack on the carbonyl group and loss 
of ROH. 
О О 
| 
СН.СН.СН.СОСН, CH;CH;CH;C О + HOCH, 
4 
\ O ue 
"CHCOCH; CH,CH, | 
СН.СН, 
3. Acidify: 
CH;CH;CH;CCHCOCH; | 
CH,CH, | 


4. White the equation for the overall reaction: 


О O O 


(1) Жа” ОСН, 


2 CH,CH,CH;COCH, — 


| | 
CINCH. CHCCHCOCH, 
CH,CH, | 
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STUDY PROBLEM 
14.19. Predict the major organic product: 


(1) Na* 7OCiH,; 
———— 


(а) CsHsCH,CO,C,Hs — 


H,O, Н“ 
heat 


(b) [the product from (a)] 


SAMPLE PROBLEM 


A Claisen-like condensation, called a Dieckmann ring closure, is used to prepare 
the following cyclic ketone from a diester. What is the structure of the 


diester? 
О 


Solution: Since the keto group arises from attack of an alpha carbon, the ring 
must be closed at the following position: 


О 


ВА x carbon 


Therefore, the starting diester must be diethyl adipate. 


i i 
СОСН,» СОС 
2 La 
Н.С -Oc d; “HC —C,H,OH н- 
| ЕЕ | 2 CI RA эКИ ee 
H;C GELD COGI. ge CHGO;C;H.; 
DX NS X 
CH; CH; 
diethyl hexanedioate 
(diethyl adipate) Ps 
Н.С CHCO;C;H; 
ede 
CH; 
STUDY PROBLEM 


14.20. Give the equations for the preparation of the following cyclic compounds from 
open-chain starting materials: 


о НСИ Си 


(а) C S con (b) CO,CH, 
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A. Crossed Claisen condensations 


Two different esters may be used in the Claisen condensation. Best results (that is, 
avoidance of mixtures) are obtained if only one of the esters has an alpha hydrogen. 


i i 
(C) cocu, + CH;CH,CO,CH, a (О) Ссисо,си, + CH,OH 
no x hydrogen CH; 
45% 


(1) Na* -ОС;Н, 


|| 
HCOC.H. +CH3CO.C:Hs буи: ес rt re Tel 


no x hydrogen 


Crossed Claisen condensations may be successfully carried out between 
ketones and esters whether the ester contains an x hydrogen or not. The « hydrogen 
of the ketone is removed preferentially because ketones are more acidic than esters. 
For this reason, the crossed Claisen is favored over a self-Claisen condensation of 


the ester. 
О О О О 
О-о, E Ern. oo О-оо, + C;H,OH 
ethyl benzoate acetone 1-phenyl-1,3-butanedione 
40%, 


SAMPLE PROBLEM 


A mixture of acetone and diethyl oxalate (C,H;0,C—CO,C,H.,) is added to a 
mixture of sodium ethoxide in ethanol. After the reaction is completed, the 
mixture 15 treated with cold. dilute HCl. A condensation product is isolated from 
the mixture in 60°, yield. What is the product? 


Solution: 
O О 


[| 
и) капкан. осно ——— _>снсєн ж HOCH. 


O О О 


|| г 
M ен сос. EXGRGCH, — = == 


Pn m 
GH, Gs ae GCH y + HOCH 
from diethyl oxalate —— from acetone 
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STUDY PROBLEM 


14.21. Predict the products: 


(1) Na* OC;H; 
(2) н" 


(b) os + CH;CO,C,H;, они, 


B. Syntheses using ester condensations 


(a) C,H,O,C—CO,C,H, ar CH,CO,C,H, 


Since the product of an ester condensation between two esters is a /-keto ester 
(or a ketone after hydrolysis and decarboxylation), the decision of which starting 
materials to use is not difficult. The keto group comes from one starting ester; 
the ester group with its attachment comes from the other starting ester. The 
different types of products obtained from ester condensations are summarized in 
Figure 14.3. 


[ 
CH,CH,CH »C—CHCO,C,H; 


| 
= 


from ethyl butanoate 


T ў 
О—<- Та (С) ненен, 
` 
CHCH 
) di а from ethyl N 


from ethyl benzoate from ethyl butanoate from ethyl butanoate 
(after decarboxylation) 


SAMPLE PROBLEM 


What reactants would you need to prepare the following compound by an ester 


condensation? 
i 
о 5-бенсо,сн, 
СН 


3 
Solution: 


О 
en, 
from C cf NS 


from CH,CH;CO;C;H; 
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Claisen: 


О 


һазе || н.о, H* 
2 RCH,CO,CH, — кен. сны. heat 


R 


a В-Кего ester 


О О 
|| һеа! | 
кл се, RCH,CCH,R 
R 


a B-keto acid a ketone 


Dieckmann (for 5- and 6-membered rings): 


О 


P сабо 
A 
COCH, 
Z 


(СН) 4 
CH;CO,;C;H; 


>ч О p z 
H;O,H* heat 


vd 
Crossed Claisen: КСО,С,Н; + DC 


a compound with 
an acidic x hydrogen 


FIGURE 14.3. Products of ester condensations. 


STUDY PROBLEMS 
14.22. Give equations for preparations of the following compounds: 
CH; о 
(а) о (b) О) сон 
CO;H 


[| qq 
(c) (Оу сенем (d) (CH;),CCCH;CCH; 
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14.23. Ester condensations are used for the synthesis of hydrocarbon chains in living 
organisms. Fatty acids, for example, are synthesized from acetyl groups by way 
of the thioester acetylcoenzyme A, the structure of which was shown in Section 
13.8. 


(a) Indicate the acidic hydrogens in the abbreviated structure CH,CSCoA. 
(b) Whatis the product of an ester condensation between two molecules of 
acetylcoenzyme A? (Use the abbreviated structure.) 


SECTION 14.10. 


Nucleophilic Addition to «,B-Unsaturated Carbonyl 
Compounds 


A double bond in conjugation with a carbonyl group is susceptible to nucleophilic 
attack in a 1,4-addition reaction (Section 11.19). 


:05 i: О 
E | Îl 
CH =CH— CCH, + МН, —— єн SOCH- CECHI = (CH 
*NH, NH; 
an enolate 


If an x,fj-unsaturated carbonyl compound can undergo nucleophilic attack, 
we might expect that an enolate ion could add to the double bond. Indeed, it does. 
This useful synthetic reaction is called a Michael addition. 


Je HOM O 
a » | H* ll 


| 
CH(CO;C;H;), CH(CO;C;H;); 


an enolate 5075 


i 
(О) -сн=сн-сос,н, + =@Н(СО,СУН.)» == 


| i 
| H* 
(Сў-«н—сн=сосн, == {(Сў-снн.сосн, 
CH(CO;C;H) CH(CO;C;H;) 
98% 


The product of the last example shown is a triester. Saponification, followed 
by acidification, gives a triacid. Under the conditions of acid hydrolysis, however, 
decarboxylation may occur. 


Nucleophilic Addition to a. -Unsaturated Carbonyl Compounds Section 14.10. 693 


Acid hydrolvsis and decarboxylation 


н.о, H* - 
(О сненсосин, —. (С) -снен:со:н — 
CH(CO,C,H;), CH(CO,H), 
(СО) -нен,со,н 


а triester а triacid 
CH,CO,H 
a diacid 


In the decarboxylation of the triacid, it is the malonic acid grouping that loses 
CO,. (Why?) This group is circled in the following equation. 


this stays 
{(()—<нсн.сб,н = в + СО, 
| 
CH—CO.H CH,CO,H 


one of these goes 


The types of products that we can obtain from simple Michael additions are 
shown in Figure 14.4. Michael additions in combination with other condensations 
are exceedingly useful in laboratory syntheses of complex cyclic compounds, such 


RCHCH,CO,C,H; 
R'C(CO;C;H;); 


a triester 


ме H* 


pee 


RCH—CHCO;C,H, + К'СН(СО,С,Н;), ——— R'C(CO,H), 
or other compound у 


P à a triacid 
with active H 


= 


RCHCH,CO.H 
R'CHCO.H 


a diacid 


FIGURE 14.4. Products of Michael addition of a malonic ester with ап 2, f-unsaturated 
ester. 
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as steroids. A portion of one such synthesis is shown. This particular ring-forming 
sequence (Michael plus aldol) is called a Robinson annelation. 


OCH; ОСН, 
о a base О? base 
(Michael) Н.С (aldol) 
CH "us 2 О 
(С. CH; 
AN M 
О Н 
ОСН, ОСН, 


НО 
Mp: 
— 
О О 
SAMPLE PROBLEMS 


Show by equations how you would prepare the following keto acid by a Michael 
addition: 
1 
CH3;CCH,CH,CH,CO,H 


Solution: Addition occurs f to the keto group in a 1,4-addition. 
В to ketone 


i 
ИЯ, А 
CH,CCH;CH. (H;COSH. 


и о ча from malonic ester 


|| 
from СН, ССН=СН, 


Т: CHICO евин; = SS" Conca: 


q 


49, СЕ 
SR 
2. CH,CCH=CH, + -CH(CO,C,H,, = CH,C—CHCH;CH(CO,C,H,), 
as 26 
H* 
= CH;CCH;CH;CH(CO;C;H;); 
O 
н.о, H* 


| 
3. ^ вы ^ CH;CCH;CH;CH;CO;H 


heat 


Nucleophilic Addition to x, 8-Unsaturated Carbonyl Compounds Section 14.10. 695 


A chemist decided to try the sequence of reactions in the preceding sample 
problem. After Step 2, he discovered that he had a cyclic product, along with the 
keto diester that he had predicted, What happened? 


Solution: The initial product of Step 2 underwent a Dieckmann ring closure. 
(Note that this intermediate has a nucleophilic carbon that can attack a carbonyl 
group to vield a six-membered ring.) 


о 
| 
CH,C—CHCH.CH(CO,C.H,), 


—— 


о CO.C;H, 
| | : 
о a тканы жир, (= 
О 


STUDY PROBLEM 

14.24. If the chemist had subjected the cyclic product in the preceding sample problem 
to acid hydrolysis and then distilled the organic material, what final product 
would have been observed? 


SAMPLE PROBLEM 


How would you prepare the following keto ester by a Michael addition? 
о 
| 


Oret O 


CHCO.C.H, 


Solution: Addition occurs В to the ketone. 


ll 
C,H,CHCH.CC,H; 


о 
1 = 6. { 
C.H.CH—CHCC,H, + OCH, M product 


C.H. 
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STUDY PROBLEM 


14.25. Show by equations how you would prepare the following carboxylic acids by Michael 


additions: 
CH; 
(a) ojo ны Gon 
E ;CH; 


(b) HO,CCH,CHCH;CO,H 
CH, 


CO,H 
CH,CO,H 


(c) 


C(CH); 


Summary 
In this chapter, we have looked at a variety of ways to synthesize compounds 
with complex carbon skeletons. Each of these reactions is caused by a species with 


carbanion character. 


Alkylations: \cH- + RX —— "CHR +X- 
va / 


Condensations: 


1,4-Additions: 
19) [9] 
S |] | 
JE ВОЕН LA wee i 


Table 14.2 gives an overview of the more important products available from 
these reactions. 


Summary 


TABLE 14.2. Major synthetic reactions involving enolates and carbanions 


R 
\ 
C(CO;C;H;); 
R^ 


(1) "OC;H,, RX 


Malonic ester: CH4;(CO;C;H,;); Е F 
(2) "OC;H,, R'X 


О о 


= | 
oae X" Сн›СССО,С,Н, 


I 
Acetoacetic ester: CH,CCH,CO,C,H; О) OCH RX 
ROR 


О (1) R;NH, H* О 


Enamine: R,CHCR -CEZ 


(3) H,O, H* MS 


E 
OH 
Aldol condensation: 2 RCH,CHO => RCH,CHCHCHO 
к 
OH 
Crossed aldol: RCHO + R/CH,CHO 22 е 
4, 
О 
e 
К 
о о 


(1) "OCH; | 
н овор 


(1) -OC;H; 
——» 


Claisen condensation: 2 RCH;CO;C;H; E 


ll 
Crossed Claisen: RCOC,H, + R'CH,CO,C,H, 
R’ 
Michael addition: 


RCH—CHCO;C,H, + R'CH(CO;C;H), YO" RCH—CH;CO;GH; 


R'C(CO;C;H;); 
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14.26. 


14.27. 


14.28. 


14.29. 


14.30. 
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STUDY PROBLEMS 


In each structure, indicate the most acidic hydrogen: 


| [| | 
(a) Сен,снсо,С,н, (b) СН,ССН,СМ (е) HCCHCH=CHCH 
CH; CH; 
(d (CHj&.CCH4CO,H "(e CHICHINO, O си.са она, 


Write an equation for the reversible acid-base reaction of each of the following compounds 
with sodium ethoxide in ethanol: 


О 
| 
(а) C,H,OCCH,CN (Ы) (с) = 


Write resonance structures that show delocalization of the negative charge in the following 
anions: 
O O 


eal ll 
(а) C&4H,CH,^ (b C,H,CHCCH, (c) C,H,CH,CCH,- 
| i 
Іа 
(d ^CH,CH—CHCO,CH, (е) CH,CH,CH,CCH, (f) CH,CCHCN 


Rank the following compounds in order of increasing acid strength (weakest acid first): 


О 


7o" Tee 
О 
(d) со, (e) C,H,OH (f) { )—сон 


Complete the following equations for acid-base reactions, and indicate by arrow size if each 
equilibrium is to the right or to the left: 


i 
(а) оо + СН,ССН,СО,С,Н, == 


1 
(b) CH,CCH;NO; +ОН- ==> 


i T 
(с) (Усон, + СН,ССНССН, === 
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14.31. Predict the major organic product: 
(а) о— Ko (1) NaOCH,. СН, 
(2) NaOCH,, CH,l 
о | 
© Сн.Ссн.со,с,н, (000%; 


Ter 


(c) [the product from (b)] .H:9- H^ 


heat 


CH; 


T CI yore eeoicnos (CH,),COK , 


H 
(Hint: See Section 7.12C.) 


(1) 2NaOC,H; 


(e) 2 CH;(CO;C;H.;). (2) CH;l; 


(f) [the product from (e)] Н:0.Н” 
heat 


(1) NaOC,H, 


ll 
(g CH,CCH;CO.CiH, (2) BrCH:CCH, 


(h) [the product from (g)] met. 
NO, 
Р (1) NCCHCO,C,H, Na* 
© oO “@)cold, die HCl 
(Hint: See Section 10.15.) 


14.32. How would you prepare each of the following compounds from diethyl malonate or ethyl 
acetoacetate? 


(a) {_У—сн,сн,со,н (b) HOOCH ECON 


CH, 
о 


о 
| 
(с) C,H;,CH;,CH;CCH,; (d) me 


14.33. Show the mechanism for the formation of the enamine of cyclopentanone and piperidine, 
followed by reaction with benzoyl chloride (C;H;COC)). 


14.34. Show how you could synthesize the following ketones from cyclohexanone. 


о NO; 
0 
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14.35. An aqueous NaOH solution is added to a mixture of acetone and formaldehyde. 


(a) What is the structure of the organic anion formed? 

(b) Would this anion undergo reaction at the faster rate with acetone or with 
formaldehyde? 

(c) Show each step in the mechanism for the predominant aldol condensation that would 
occur. 


14.36. Predict the major organic product: 


| || - 
(1) OH-, H,O 
(а) HC(CH,),CH (2) H*. heat 
(b C,H;CHO + о ар" 
О 
4 (DOR н.о, 
(2) Н*. heat 
O 
CH, CHO 
(1) ОН, H,O | 
(d) ФН heat ? 
CH;CHO 


14.37. How would you make the following conversions? 


(a) cyclopentanone to (occa. 


CO,C,H; 
(b) С 3 cuo to ( \_сн=снмо, 
О 


| 
(с) benzaldehyde to C;H,CH—CHCCH,; 
i 
(d) benzaldehyde to C;HCH—CHCCH-CHC,gH; 


14.38. Predict the major organic products: 


CHO 
(a) 6N NaOH 
heat 


6N NaOH 
heat 


(b) (CH;);CCHO 


(1) NaOC;H, 
(2) Н.О, Н*, heat 


(c) 2CH3(CH2);CO,C,H; 


Study Problems 701 


CH,CH,CO,C,H,; 
(4) (1) NaOC,H, 


CHCH COCH., OM хен 


i | 
() C,H.CH,CO;CH, + CH,OCOC,H, QNOGH, 


diethyl carbonate | 


О 


| 
CH;CCH; 
(1) NaOC;H, 
(2) H*, cold 
CH;CO,C.H, 


О 


ll 
(B CH,C(CH,,CO,C,H, (2N20G:Hs 


———— 
(2) Н*. celd 
о 


|| 
(1) МаоСс,Н; 
(b) (о + C;H,OCOC;H; (2) == cold 


14.39. Suggest synthetic paths leading to the following compounds: 


О [e 
(a) cu соси, (b) ee o Ne 
CN 
О 
CO,H 
(c) (d) CO;C;H; 
O 
O O 
(e) E E (0) в 
єн, Сен, 


14.40. Predict the major organic product of each of the following Michael addition reactions: 


| (1) NaOC,H, 
(а) 1 CH;—CHCCH;CH; + CH;(CO;C;H;) Y Y TED 
(1) NaOC;H; 


|] 
(b) 2CH,—CHCCH;CH, + CH,(CO,C;Hs)2 туит 


1? 
(с) ( о + CH,CCH,CCH, og ec = 


(d) CH,CH=CHCO,C,H, + C,H;CH,CO,C,H, (1) NaOC,H, 


(2) H* 


702 


14.41. 


14.42. 


14.43. 


14.44. 


Chapter 14 Enolates and Carbanions 


How would you prepare the following compounds by Michael additions? 
О О 
|] 
(а) is (b) CH;CH;CO;C;H; 
CO;C;H; О 


Suggest syntheses for the following compounds from readily available starting materials: 
O 


О 
[| 
(а) "m Е (b) CH,CH=CHCH, 
СН; 
(с) (CH3;),CHCH(CO,CH;), (d) С.Н,СН=С(СМ№), 
о О 
(е) PRU (f) (Sono 
5 О 
(р) ме (h) 0 aroem, 
CHCH, 
"iin CH4CHOH 
(1)  CHj(CH;4,CHCH;CH,; (7) CoHCH,CHCH,—{__) 


(a) How would you prepare the following compound from 2-methylcyclohexanone? 


о/о 
CH, 


(b) From the dione in (a), show how you could prepare: 


О 


А chemist has on his shelf: dilute HCl, dilute NaOH, sodium metal, magnesium metal, 
anhydrous ethanol, anhydrous ether, bromine, diethyl malonate, a tank of anhydrous HCI, 
glacial acetic acid, PBr,, and acetone. (He also has water, heat sources, and solvents for 
working up his products.) Suggest ways that he could synthesize the following compounds: 
(a) ethyl acetate; (b)ethylacetoacetate; (c)2-pentanone; (d) 2-ethylbutanoic acid; 

(e) ethyl a-bromoacetate. 


Study Problems 703 


P 
14.45. lt is observed that (А)-С,Н;СНСО,С,Н; undergoes racemization in alkaline solution. 
Explain. 


14.46. Propose a mechanism for the following reaction: 


CH,OH 
excess HCHO + CH,CHO -> HOCH,CCHO 
CH,OH 


14.47. Show how the following compounds could be synthesized by Robinson annelations: 


CH, 
C.H; 
(a) (b) 
О О 
СН, 


14.48. Suggest a mechanism for the following reaction: 


о н.с о 


CH, д р 
а 
СО,С,Н; 


14.49. Dimedone can be obtained from тезйу! oxide by a combination of a Michael condensation 
and a Dieckmann ring closure. Outline the synthesis. 


о 
F HC 
(CH,),C—CHCCH, —— 
4-methyl-3-penten-2-one Н.С 
(mesityl oxide) О 
5.5-dimethyl-1,3-cyclohexanedione 
(dimedone) 


14.50. Outline a general synthetic method for the preparation of cycloalkanecarboxylic acids, 
based upon the alkylation of malonic ester. 


14.51. Cyclohexanone is treated with a strong base followed by iodomethane. Predict the 
monoalkylation and the dialkylation products. Which dialkylated product predominates? 
Why? 


14.52. Devise a general method for the synthesis of y-keto acids from ethyl a-chloroacetate. 


14.53. How would you prepare the following carboxylic acids from the same starting materials? 


(a) (сон (b) HO;CCH;(CH;)CH;CO;H 
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14.54. 


14.55. 


14.56. 


14.57. 


14.58. 


14.59. 


Сһарїег 14 Enolates and Carbanions 


Give the structures of compounds I and II: 


CH,CH,CH,CO,C;H, + (СО,С,Н;), 09, cu, 0, "9", cH,o, 
1 H 
Write each step in the mechanism of the following reaction sequence: 
|| ji 
C,H,OC(CH,),CO,C,H; +\COC,H,J, № 20629, 
C;H5,0;C x ^ C;H;O;C O 
Pa 
єн; BOC G o 
CH, 
l CO;C;H.; 
COCH, 
Give the structure of each indicated product: 
excess malonic ester М” — OCH, _н', 
BrCH,CH,Br 
C,H,0, Soar нло E 
16^^26'^8 ВгСН.СН,Вг 18 "^ 8 heat е 4 


Show how the sedative Seconal can be prepared by а malonic ester synthesis. 


О 
НМ СН(СН›)СН›,СН›,СН, 
O 
HN CH CH=CH, 
O 
Seconal 


Pulegone is a fragrant component of oil of pennyroyal. When this compound is heated in 
aqueous base, acetone is formed. What other organic product or products could be isolated 
from the reaction mixture? Explain your answer. 


о 


ршеропе 


Suggest appropriate reagents for the following conversions, and suggest a mechanism for 
each reaction. 


COCHE 


CO,C,H, 


О о 
(b) (У рен ансо OE: 
| Or = 3 


Study Problems 


о о 
© С.Н;ССН, + HCHO + (CH,),NH 


| 
C,H.CCH;CH;N(CH,); 


14.60. Suggest syntheses for the following compounds: 


О 
(а) E from compounds containing five or fewer carbons 


(b) ОСУ from monocyclic or acyclic starting materials 
G 
(с) & from acyclic starting materials 


снус СО,С.Н; 
О 
С›н;О, 


C CH, 
(d) Osc from acyclic starting materials 


CO,C,H; 


(e) from compounds containing six or fewer carbons 
О 
CH; 


о 
(f) from compounds containing six or fewer carbons 
CH;CH;CH,; 


о 
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СНАРТЕК 15 


Amines 


a 


eo hydrogen, and oxygen are the three most common elements in living 
systems. Nitrogen is fourth. Nitrogen is found in proteins and nucleic acids, 
as well as in many other naturally occurring compounds of both plant and animal 
origin. We have already discussed the nitrogen-containing amides and nitriles 
(Chapter 13) and later we will discuss some nitrogen-containing aromatic hetero- 
cycles, including nucleic acids (Chapter 16), and proteins (Chapter 19). In this 
chapter, we will discuss the amines, organic compounds containing trivalent 
nitrogen atoms bonded to one or more carbon atoms: RNH,, R;NH, or В} М. 

Amines are widely distributed in plants and animals, and many amines have 
physiological activity. For example, two of the body's natural stimulants of the 
sympathetic (“fight or flight") nervous system are norepinephrine and epin- 
ephrine (adrenaline). 


| TH 
me Pre ЗО 
HO HO 
norepinephrine epinephrine 
(adrenaline) 


Both norepinephrine and epinephrine are /-phenylethylamines (2-phenyl- 
ethylamines). A number of other fi-phenylethylamines act upon the sympathetic 
receptors. These compounds are referred to as sympathomimetic amines because 
they “mimic,” to an extent, the physiological action of norepinephrine and 
epinephrine. 
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Well before the birth of Christ, the drug ephedrine was extracted from the 
ma-huang plant in China and used as a drug. Today, it is the active decongestant 
in nose drops and cold remedies. Ephedrine causes shrinkage of swollen nasal 
membranes and inhibition of nasal secretions. (Overdoses cause nervousness and 
sleeplessness.) Mescaline, a hallucinogen isolated from the peyote cactus, has been 
used for centuries by the Indians of the southwestern U.S. and Mexico in religious 
ceremonies. Amphetamine is а synthetic stimulant that causes sleeplessness and 
nervousness. Amphetamine is sometimes prescribed for obesity, because it is also 
an appetite depressant. Like many other sympathomimetic amines, amphetamine 
contains a chiral carbon and has a pair of enantiomers. The more active enantiomer 
of amphetamine (the dextrorotatory one) is called dexedrine. 


CH,O 


OH 
{(ў)—снснхнсн, CH,O CH,CH;NH; OSN 
| | 
Ci; CH,O а, 
ephedrine mescaline amphetamine 
a decongestant a hallucinogen a stimulant 


Some other physiologically active amines, such as nicotine and morphine, are 
discussed in Section 16.10. 


SECTION 15.1. 


Classification and Nomenclature of Amines 


Amines may be classified as primary, secondary, or tertiary, according to the 
number of alkyl or aryl substituents attached to the nitrogen. 


pene C attached two C's attached three C's attached. 


“онн, (O ricu, (CH;CH,),N 


a 1° alkylamine a 2° arylalkylamine a 3° trialkylamine 


Note that this classification is different from that of alkyl halides or alcohols. 
The classification of the latter is based upon the number of groups attached 
to the carbon that has the halide or hydroxyl group. 


CH; CH; 
E У ааг этсе. | | xc NR. 
three C CH,-—C—OH CH,—C—NH, one C attached 
attached w head С | | B to N 
CH; CH; 
t-butyl alcohol t-butylamine 
a 3° alcohol a 1? amine 


An amine nitrogen can have four groups or atoms bonded to it, in which case 
the nitrogen is part of a positive ion. These ionic compounds fall into two categories. 
If one or more of the attachments is H, the compound is an amine salt. If all four 
groups are alkyl or aryl (no H's on the М), the compound is a quaternary ammonium 
salt. 
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Amine salts: 
CHE 
(GHEE Nie eG! ‹ N' Br 
dimethylammonium chloride H 
salt of a 2° amine N-methylpiperidinium bromide 
salt of a 3. amine 
Quaternary ammonium salts: 
(CH;),N* СГ CH,GO,CH,CH,N(CH,); СГ 
tetramethylammonium acetylcholine chloride 
chloride A NE 
involved in the transmission 
of nerve impulses 
STUDY PROBLEM 
15.1. Classify each of the following compounds as a 1°, 2°, or 3° amine; as а salt of a 


1°, 2°, or 3° amine; or as a quaternary ammonium salt : 
n 
(a CH;CH,CHNH, (b) NH (с) (CHj,NH* NO,- 


(d) (CH;CH,);CNH, (ep N(CH3), СГ (Г) d МСН; 


Simple amines are usually named by the functional-group system. The 
alkyl or aryl group is named, then the ending -amine is added. 


CH;CH,CH,NH, OR (CHCH), NH 


propylamine cyclohexylamine diethylamine 


Diamines are named from the name of the parent alkane (with appropriate 
prefix numbers) followed by the ending -diamine. 


H;NCH;CH;CH;NH; 


1,3-propanediamine 


If more than one type of alkyl group is attached to the nitrogen, the largest 
alkyl group is considered the parent. A subsidiary alkyl group is designated by an 
N-alkyl- prefix. 

pes jmd 
СН,СНМНСН, CH;,CHN(CH;), 


N-methyl-2-propylamine N,N-dimethyl-2-propylamine 
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If functionality of higher nomenclature priority is present, an amino- prefix 


is used. 
NHCH, 
H.NCH.CH.OH CH,CHCO,;H 
2-amino- | eihanol 2-(N-methylamino)propanoi acid 


The chemistrv of the nonaromatic heterocyclic amines is similar to that of 
their open-chain counterparts. Although we will not discuss the aromatic hetero- 
cycles until the next chapter, the chemistry of the nonaromatic nitrogen hetero- 
cycles will be included in this chapter. The commonly encountered compounds of 
this class generally have individual names. 


( \ 4 N / X / Ns 
NH HN NH О NH 


pyrrolidine piperidine piperazine morpholine 


In the numbering of heterocyclic rings, the heteroatom is considered position 
1. Oxygen has priority over nitrogen. 


3i ИВ © = 
NII H3G Ng CH, 
H H 
2-methylpyrrolidine 3.5-dimethylmorpholine 


STUDY PROBLEM 
15.2. Give each of the following compounds an acceptable name: 


(а) H;NCH;CH;CH;CH;NH, (commonly called putrescine, an odorous 
compound found in decaving flesh) 


(b) H,NCH,(CH;),CH,NH, (cadarerine. origin similar to that of putrescine) 


(c) (CHj.CHCH.NH. (d) CH,CH.N(CH,), 


(e) (С) нен, (Name as a derivative of aniline.) 


SECTION 15.2 


Bonding in Amines 


The bonding in an amine is directly analogous to that in ammonia: an sp? nitrogen 
atom bonded to three other atoms or groups (H or R) and with a pair of unshared 
electrons in the remaining sp? orbital (see Figure 2.19, page 62). 


H—N—H CH,—N—CH, C N 
| | N 
H 


GH; H 


ammonia 1rimethylamine piperidine 
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In an amine salt or a quaternary ammonium salt, the unshared pair of elec- 
trons forms the fourth sigma bond. The cations are analogous to the ammonium 


ion. 
jj CH, CH, 
A мен cl жш. cl N' со.ссн, 
H CH, H 
ammonium tetramethylammonium N-methylpiperidinium 
chloride chloride acetate 


An amine molecule with three different groups attached to the nitrogen is 
chiral; however, enantiomers of most amines cannot be isolated because rapid 
inversion between mirror images occurs at room temperature. The inversion pro- 
ceeds by way of a planar transition state (sp? nitrogen). The result is that the nitro- 
gen pyramid flips inside out, much as an umbrella in a strong wind. The energy 
required for this inversion is about 6 kcal/mole, about twice the energy required 
for rotation around a carbon-carbon sigma bond. 


The mirror images are interconvertible: 


spr 


&, NQ 


ко №8 
КЕ VR, = RINS p, = 


transition state with 
two e` in p orbital 


If an amine nitrogen has three different substituents and interconversion 
between the two mirror-image structures is restricted, then a pair of enantiomers 
may be isolated. Tréger’s base is an example of such a molecule. The methylene 
bridge between the two nitrogens prevents interconversion between the mirror 
images, and Tréger’s base can be separated into a pair of enantiomers. 


Tróger's base 


Another case in which the existence of isolable enantiomers is possible is that 
of the quaternary ammonium salts. These compounds are structurally similar to 
compounds containing sp? carbon atoms. If four different groups are attached to 
the nitrogen, the ion is chiral and the salt can be separated into enantiomers. 


A pair of enantiomers: 


NEED 
NE Ge м cr 
ЕК Een Rid OR; 


"——— ew 


LIT 
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STUDY PROBLEM 


15.3. Which of the following structures could exist as isolable enantiomers? 


(a) [(CH,),CH].N(CH.CH.G), C7 (b) СН,МНСН,СН,С 
(c) @ a- (d) (Once, 
, CH, 


EN 
H.C  CH,CH, 


SECTION 15.3. 
Physical Properties of Amines 
As we mentioned in Chapter 1, amines undergo hydrogen bonding. The 
N— ——HN hydrogen bond is weaker then the О— —— HO hydrogen bond 


because N 15 less electronegative than О and therefore the NH bond is less polar. 
This weak hydrogen bonding between amine molecules results in boiling points 
that fall between those for nonhydrogen-bonded compounds (like alkanes or 
ethers) and those for strongly hydrogen-bonded compounds (like alcohols) of 
comparable molecular weight. (See Table 15.1.) 
CH,CH.OCH.CH,  (CH,CH,.NH CH,CH,CH CH OH 
bp 34 5° bp 56: bp 117° 

Because they do not have an NH bond, tertiary amines in the pure liquid 
state cannot undergo hydrogen bonding. The boiling points of tertiary amines are 
lower than those for comparable primary or secondary amines, and are closer to the 
boiling points of alkanes of similar molecular weight. 


no hydrogen bonding hydrogen bonding 
А | 
200. E £ 
(CH;N (CH,),CH CH,CH,CH,NH, 
bp > bp —10° bp 48° 


Amines of low molecular weight are soluble in water because they can under- 
go hydrogen bonding with water. Tertiary amines, as well as primary and secondary 


TABLE 15.1. Physical properties of some amines 


Name Structure Bp. C Solubility in water 
methylamine CH,NH; —75 оо 
dimethylamine (CH,),NH 7-5 20 
trimethylamine (CH;);N 3 20 
ethylamine CH;,CH;NH. 17 2 
benzylamine C;H.CH;NH, 185 202 

aniline C;H.NH. 154 3.7 g/100 g 
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15.4. 


Chapter 15 Amines 


amines, can undergo this type of hydrogen bonding because they have unshared 
pairs of electrons that can be used to form hydrogen bonds with water. 


| 
(CHjN:- = -H—O 


STUDY PROBLEM 


Show all types of hydrogen bonding that could exist ш (а) pure dimethylamine 
and (b)aqueous dimethylamine. 


Volatile amines have very distinctive and usually offensive odors. Methyl- 
amine has an odor similar to that of ammonia; trimethylamine smells like dead 
salt-water salmon ; and piperidine smells like dead fresh-water fish. Arylamines are 
not as unpleasant smelling as alkylamines; however, arylamines such as aniline 
are toxic and are especially insidious because they can be absorbed through the 
skin. Some, like fj-naphthylamine, are carcinogenic. 


f-naphthylamine 


a carcinogenic arylamine 


Amine salts and quaternary ammonium salts behave physically like inorganic 
salts —high-melting, water-soluble, and odorless. 


SECTION 15.4 


Spectral Properties of Amines 
A. Infrared spectra 


The bonds that give rise to infrared absorption characteristic of amines are 
the C—N and N—H bonds (Table 15.2). All aliphatic amines show C—N 
stretching in the fingerprint region. However, only primary and secondary amines 
show the distinctive NH stretching absorption, which is observed to the left of 
CH absorption in the spectrum. This is the same region where OH absorption is 
observed ; however, the two can often be differentiated because the OH absorption 
is usually broader and stronger than NH absorption. The stronger absorption by 
an OH bond is due to the greater polarity and hydrogen bonding of this group. 

In Chapter 8, we mentioned that primary amines show two NH absorption 
peaks, secondary amines show one NH peak, and tertiary amines show no ab- 
sorption in this region. Spectra of the three types of amines are shown in Figure 
8.10 (page 322). 


un 
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TABLE 15.2. Characteristic intrared absorption for amines 


Position ef absorption 


Type of absorprion em! um 
1° amines: 
N—H stretching (pure liquid) 3230-3400 (2 peaks) 2.9-3.1 
C—N stretching 1020-1230 8.0-9.5 
2° amines: 
N—H stretching (pure liquid) 3330 3.0 
C—N stretching 1020-1250 8.0-9.8 
3° amines: 
C—N stretching 1020-1250 8.0-9.8 


B. Nmr spectra 


The NH absorption in the nmr spectrum is generally a sharp singlet, not split by 
adjacent protons. In this respect, NH absorption is similar to OH absorption 
(Section 8.10E). Aliphatic amines show NH absorption at д values of about 
1.0-2.8 ppm, while arylamines absorb at around 2.6-4.7 ppm. (The exact position 
depends upon the solvent used.) The x protons are somewhat deshielded by the 
electronegative nitrogen; the chemical shift for these protons is from 2.2-2.8 ppm 
(see Figure 15.1). 


2 
Е 
: 
{ 
2 


0 Hz 


£.0 70 6.0 5.0 40 30 7— M0. ë 10 О ppm 


FIGURE 15.1. Nmr spectrum of n-butylamine. 
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SECTION 15.5. 


Preparation of Amines 


Techniques for the preparation of amines fall into three general categories. We will 
discuss each category in turn. 


Nucleophilic substitution: 


EX +N, к. 


an alkyl halide 


O 


| 
Reduction: RCNH, or RCN — “+ RCH,NH, 


an amide or nitrile 
Amide rearrangement: 


|| z 
RCNH; ес 


an amide 


RNH, 


A. Synthesis by substitution reactions 


Reaction of amines and alkyl halides. Ammonia or an amine carries an 
unshared pair of electrons and can act as a nucleophile in a substitution reaction 
with an alkyl halide. The reaction of a nitrogen nucleophile is similar to the reac- 
tion of any other nucleophile with RX. The product of the reaction with ammonia 
or an amine is an amine salt. The free amine can be obtained by the treatment of 
this amine salt with a base such as NaOH. 


5 м2 Reaction: 
CH, Eos 
" $,2 + age | 
ным’ + СН, Ebr: — + H,N—CH, :Br: 
ammonia bromoethane ethylammonium bromide 
an amine salt 
Treatment with base: 
CH,CH;NH;* Вг ЕЕ OH- —92 2 СН.СН,МН, + H,O + Вг 
ethylamine 
The order of reactivity of alkyl halides is typical for S42 reactions: CH4X > 
1 > 2°. Tertiary alkyl halides do not undergo substitution reactions with ammonia 
or amines; elimination products are obtained. 
The principal disadvantage of this route to amines is that the product amine 
salt can exchange a proton with the starting ammonia or amine. 
CH;CH;NH,;* Вг SF МН, о CH,CH;NH; + МН.” Вг 
also a nucleophile 


This proton exchange results in two or more nucleophiles competing in the 
reaction with the alkyl halide. For this reason, a mixture of mono-, di-, and trialkyl- 
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amines and the quaternary ammonium salt is frequently obtained from the 
reaction of ammonia with an alkyl halide. 


RN RN RN 


NH, RIN? X- 


Because all these products can be formed, the reaction of ammonia or an 
amine with an alkyl halide is not generally considered a useful synthetic reaction. 
If the amine is very inexpensive or if ammonia is used, a large excess can be used to 
favor monoalkylation. In this case, RX is more likely to collide with the molecules 
of the desired reactant and less likely to collide with those of the alkylated product. 
In the following example, an excess of ammonia favors the primary amine product. 


о 
СН;СН.СН.СН.Вг + excess NH; z CH;,CH,CH,CH,NH, + Br- 


1-bromobutane n-butylamine 
45 о, 
ѓо 


If the quaternary ammonium salt is desired, the S42 reaction might also be 
useful. In this case, an excess of the alkyl halide would be used. 


(CH;CH:).NH = excess CH;CH,I 


(CH;CH,),N* Г 


Gabriel phthalimide synthesis. А synthesis that gives primary amines 
without secondary and tertiary amines is the Gabriel phthalimide synthesis. The 
first step in the reaction sequence is an $42 reaction with the phthalimide anion as 
the nucleophile. The amine is then obtained by a hydrolysis reaction of the 
substituted phthalimide. 


О О 
H-0. OH- 
Or» КЕЕ CHCH — — NCH;CH; —— EM 
bromoethane 
О О 
potassium N-ethylphthalimide 


phthalimide 


СО, - 
О + H,NCH,CH; 
80. - 


ethylamine 
free of 2° and 3° 
amines 

Phthalimide is prepared by heating phthalic anhydride with ammonia. The 

potassium salt is made by treating phthalimide with KOH. Normally, a proton 

cannot be removed from an amide nitrogen so easily. However, like other В- 

dicarbonyl compounds, imides are acidic because the anion is resonance-stabilized. 
Phthalimide has a pK, of 9; it is ten times a stronger acid than phenol! 


Preparation of phthalimide anton. 


9 e | 
heat 

| 

О O 


phthalic anhydride phthalimide resonance-stabilized | | 
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STUDY PROBLEM 


15.5. Write resonance structures that show the delocalization of the negative charge in 
the phthalimide anion. 


After the potassium phthalimide is prepared, it is treated with an alkyl 
halide. It is the nitrogen, not the oxygen, that attacks the carbon of the alkyl 
halide because the nitrogen is more nucleophilic than the oxygen. 


Attack on RX: 


О 
А. e S2 ae = 
О cu, Cl —, NCH;CH, + :Br:- 


an N-alkylphthalimide 


Finally, the alkylphthalimide is hydrolyzed. This reaction is simply the 
hydrolysis of an amide (Section 13.9C). 


Hydrolysis: 
O 

О | 
(C 

H;0,0H* 
NCH,CH, жол” О — 

CNHCH;CH; 

Ó [ 
О 

half-hydrolyzed 


the amine 


GO; 
Q + H,NCH,CH, 
CDr 


STUDY PROBLEM 


15.6. List the sequence of reagents that you would add to potassium phthalimide to 
prepare: (a)n-propylamine; (b)allylamine; (с) benzylamine. 


An ingenious variation of the Gabriel phthalimide synthesis is used to pre- 
pare x-amino acids, the building blocks of proteins. This sequence is: (1) treatment 
of potassium phthalimide with diethyl bromomalonate; (2) treatment of the imide- 
malonate with base to remove the x hydrogen ; and (3) treatment with RX, which 
gives a typical malonic ester alkylation reaction. 


1. Reaction with bromomalonic ester: 


О 
EXBr- 
Nae CHOC. ua. = NCH(CO,C>Hs), 
diethyl 
О bromomalonate О 


the imide-malonate 
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2. Treatment with base 


О О 
TOCH, Р 
Bb cem = NC(CO;C;H;); + C;H,OH 
o ^ Ó 


an enolate ion 


3. Reaction with RX 


О О к 
NGICOIC HD, + E, == NC(CO,C,H,); 
Ó 


Acid hydrolysis results in hydrolysis of both imide and diester plus de- 
carboxylation of the diacid. The product is the protonated amino acid. 


hydrolyzed hydrolyzed and 
si decarbox vlated 
кы V^ R 
» ПЕ, A ter z1 CO,H 
N—C(CO;C;H;) mar H,;NCHCO,H ar C,H;OH ar О ar CO; 
a protonated СО,Н 
о a-amino acid 


SAMPLE PROBLEM 


How would vou prepare phenylalanine, C,H;CH,CHCO,H, by a phthalimide 
synthesis? | 


NH; 
Solution: 
1. Determination of reagents needed: | 
C,H.CH;,CHCOSH | 
| | 
) NH; | 
from C,HSCH ,X from phthalimide | 
and the bromomalonate 
25 Steps in the synthesis: | 
о о | 
| BrCH(CO,C.H.. base ; C,H«CH.CI || 
MES — = seem LL» МО СОСЫ ===> | | 
it 
| 
О О II 


О | 


(D н.о. н 


produet 


ОГО: СОН, OOH | 


ыа елү 
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STUDY PROBLEM | 
15.7. How would you prepare the following amino acid by а phthalimide synthesis? 


Cu 
NH, 


leucine 


B. Synthesis by reduction 


Reduction reactions often provide convenient routes to amines. The reduction of 
aromatic nitro compounds to arylamines was discussed in Section 10.14. 


NO; NH; 
1) Fe, НСІ 
сн, (vo, RAN "or 
(2) OH 
2,4-dinitrotoluene 2,4-toluenediamine 
US 


Nitriles undergo catalytic hydrogenation or reduction with LiAIH, to yield 
primary amines of the type RCH NH, in yields of approximately 70%. Nitriles 
are available from alkyl halides; therefore, a nitrile synthesis is a technique for 
lengthening a carbon chain as well as for preparing an amine. 


СМ 1) LiAIH, 
(CH;),CHCH,Br =? (CHy,CHCH;CN уно (CHj;CHCH;CH;NH, 
]-bromo-2-methylpropane 3-methylbutanenitrile ! (3-methyl-1-butyl)amine 


а 1° alkyl halide 


Amides also yield amines when treated with reducing agents: 


O 
| d) LiAIH, 
CH;(CH;), о СМНСН, а. СН.(СН,) о СН, МНСН; 
2 
N-methyldodecanamide N-methyldodecylamine 


95% 


Reductive amination, a reaction that converts ketones or aldehydes to 
primary amines, was discussed in Section 11.14D. This reaction is much better 
for synthesizing an amine of the type R, CHNH, than is the reaction of R,CHBr 
and NH, because the latter reaction may lead to elimination products. Secondary 
and tertiary amines may also be synthesized by reductive amination if a primary 
or secondary amine is used instead of ammonia. 


О We 
|| NH H;. Ni 
3 Sin UNI 
benzaldehyde an imine benzylamine 


Soy, 
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О 


| 
HOCH;CH;NH; + CH,CCH, ГНОСН,СН,м=С(СН,),] 


2-aminoethanol acetone an intine 
(ethanolamine) 


H}. Р! 


HOCH;CH;NHCH(CH) 


2-(N-isopropylamino)ethanol 
9575 


STUDY PROBLEMS 


15.8. Show how vou would carry out each of the following syntheses: 


(a) cyclohexylamine from cyclohexanone 
(b) CH.—CHCH.CH;CH.NH, from 4-bromo-1-butene 
(с) N,N-dimethylbenzylamine from a carboxylic acid. 


15.9. Suggest two techniques for preparing sec-butylamine free of higher alkylation 
products. 


C. Amide rearrangement 


When an unsubstituted amide (RCONH,) is treated with an alkaline, aqueous 
solution of bromine, it undergoes rearrangement to yield an amine. This reaction 
is called the Hofmann rearrangement. Note that the carbonyl group is lost as 
CO? ; therefore, the amine contains one less carbon than the starting amide. 


О 
| - 
СН.(СН,).СМН, + 40H + Br, —— СН,(СН,), МН, + CO, -2H;0-2Br^ 
hexanamide n-pentylamine 
857, 


Because the carbonyl group appears to be abstracted from the interior of the 
molecule, it is of interest to look at the mechanism of the Hofmann rearrangement. 
The reaction proceeds by a series of discrete steps. Step 1 is bromination at the 
nitrogen. Step 2 is loss of a proton from the nitrogen and results in an unstable 
anion. The rearrangement step is Step 3 of the sequence. Note that this rearrange- 
ment is a /,2-shift very similar to those we have encountered in carbocation re- 
arrangements (Section 5.6F). The product of the rearrangement is an isocyanate, 
stable under some conditions, but not in aqueous base. In aqueous base, the iso- 
cyanate undergoes hydrolysis (Step 4) to an amine and the carbonate ion. 


Step! (bromination of №): 


Br 


i i i 
ROM -OH- = |RCNH| —— ROME + Вг- 
Н Вг 
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Step2 fextraction of Ht by ОНТ ) 


О 
ПЕ [= 
pem F OH == [RCNBr | 4 H;O 


Br unstable 


Step 3 (displacement of Br by R—, а 1,2-shift): 


N-Br]  ——— R—N-c-O + Br“ 


an isocyanate 


Step4 (hydrolysis of the isocyanate): 


EN VA OH. " - OH p 
RN=C=O н.о RNHCO “но” КМН, + СО, 
the amine 


It has been found that the Hofmann rearrangement proceeds with retention 
of configuration at the х carbon of the amide. This evidence leads us to believe that 
the rearrangement step (Step 3) has a bridged transition state. 


сн, 0 єн, 

A Br,. OH- = 
еса < CH;CH;-C-7NH; 

н мн, н 
(R)-2-methylbutanamide (R)-2-butylamine 


A bridged transition state in Step 3: 


CH; 79 CH; E 
ааа ОН ——À и 
Н сү H 
Br 


ш 
— Вг- E 
——— CH,CH,-C-N-—C-O 
H 


The advantage of the Hofmann rearrangement is that yields of pure primary 
amines are good. This would be the best route to a primary amine containing a 
tertiary alkyl group, such as (CH3),CNH, . (The reaction of NH; with (CH3);CBr 
leads to the alkene and not the amine.) 
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STUDY PROBLEM 


15.10. Predict the major organic products when the following compounds are treated 
with aqueous alkaline Вг, : 


| |] | 
(а) „(О сньснемн, (b) H,NCCH,CH,CH,CNH, 
CH, 


D. Summary of amine syntheses 


We have shown several routes to amines. By one or another of these routes, shown 
in the scheme on page 722, a chemist may synthesize: 


1. an amine with the same number of carbons as the starting material; 
2. an amine with one additional carbon; ог 
3. an amine with one less carbon. 


The specific reactions are summarized in Table 15.3. 


TABLE 15.3. Summary of laboratory syntheses of amines 


Reaction Section reference 
Primary amines: 
(1) excess МН, 
o 
BEES aoa 9 RNH, 15.5A 
substitution (1) K^ phthalimide 
Acc Acca S 
RX @ нон: RNH, 15.5A 
(3) OH- 
(1) Fe, НСІ 
о 
ArNO, с) OH- ArNH, 10.14 
j 
reduction : 
(1) ЧАШ. 
RCN or RCNH, erue RCH,NH, 15.5B 
к= ee Ba ety erie: 11.14D, 15.5B 
[ 
rearrangement OF 
RCNH, 2—09. Бин, 15.5С 
Secondary and tertiary amines: 
[| 
, (1) LAIH; \ 
jucti RCNR; Ho ” RCH;NR; 135€ 


‚Ма 
R,C=O + R NH M, в,снмк 11.14D, 15.5В 
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General routes to amines | 


H, i Br,, OH 
kco ВЕ REND CETE 


one less carbon 


ONT 
RCH,X “^^ — равем снос мы 
one more carbon 
Gabriel 
ет 


same number 
of carbons 


SECTION 15.6. 


Basicity of Amines 


The pair of electrons in the filled, nonbonded orbital of ammonia or an amine 
may be donated to an electron-deficient atom, ion, or molecule. In water solution, 
an amine is a weak base and accepts a proton from water in a reversible acid-base 
reaction. 


(CHj4N:c + “HOH == (CHj4NH + :ÜH- 


trimethylamine 


The calculation of basicity constants and pK, values for weak bases was dis- 
cussed in Section 1.10. Table 15.4 lists a few amines along with their pK, values. 
(Recall that decreasing values for pK, indicate increasing base strength.) 


TABLE 15.4. pK, values for some amines 


Structure pK, 
МН, 4.75 
СН, МН, 3.34 
(CH3);NH 3.27 
(СН): № 4.19 


( NH 2.88 


IL ÉL —esÀw—-—-————————————9———M сла И T miM 
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The same structural features that affect the relative acid strengths of car- 
boxylic acids and phenols (Section 12.7) affect the relative base strengths of amines. 


1. Uf the free amine is stabilized relative to the cation, the amine is less basic. 


2. — If the cation is stabilized relative to the free amine, the amine is a stronger base. 


ceu. RN майго. R aN 


RN: Н.О КУН $ OH- 

An electron-releasing group, such as an alkyl group. on the nitrogen increases 
basicity by dispersing the positive charge in the cation. (This dispersal of positive 
charge is analogous to that in carbocations, Section 5.6E.) By dispersal of the 
positive charge, the cation is stabilized relative to the free amine. Therefore, base 
strength increases in the series NH3, CH4NH;, and (CH); NH. 


NH; СН. ЖН, СН, ХНСН, 
ammonia methylamine dimethylamine 
pA, = 4.75 pA, = 3.34 pA, = 327 


CH,—NH. + H.O CH,—NH; + OH- 


яаг ея ^i 


4 ] 2 
USPET Sal а 


PO SEE tharae 


The cation is also stabilized by increasing solvation. In this case, the solvent 
helps disperse the positive charge. Dimethylamine (pA, = 3.27) is a slightly 
stronger base than methylamine; however, trimethylamine (pK, = 4.19)isa weaker 
base than dimethylamine. The reason is that trimethylamine is more hindered, 
and the cation is less stabilized by solvation. These arguments explain why the 
nonaromatic heterocyclic amines (with their alkyl groups "tied back" away 
from the unshared electrons of the nitrogen) are more basic than comparable 
open-chain secondary amines. 


E ү 
CH. — —GLI5 is a weaker base than CH4,—N—H 
trimethylamine dimethylamine 
pK, = 4.19 pK, = 3.27 
СН.СН.МНСН.СН, is а weaker base than N 
H 
diethylamine pyrrolidine 
PK, = 3.01 PŘ, = 2.73 


Hybridization of the nitrogen atom in a nitrogen compound also affects the 
base strength. An sp? orbital contains more s character than an sp? orbital. 
A molecule with an sp? nitrogen is less basic because its unshared electrons are 
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more tightly held, and the free nitrogen compound is stabilized (rather than the 


cation). 
f кр. more basic 


d sp. less basic 
(ON: ‹ Мн 


pyridine piperidine 
pA, = 8.75 pK, = 2.88 
Resonance also affects the base strength of an amine. Cyclohexylamine is a 
far stronger base than is aniline. 


Om Qe 


aniline cyclohexylamine 
pK, = 9.37 рК» = 3.3 


The reason for the low basicity of aniline is that the positive charge of the 
anilinium ion cannot be delocalized by the aromatic pi cloud. However, the pair 
of electrons of the free amine are delocalized by the ring. The result is that the free 
amine is stabilized in comparison to the conjugate acid (the cation). 


(О), mus. —:- (Он, + on 


aniline anilinium ion 
resonance-stabilized no resonance-stabilization 
and favored of positive charge 


Resonance structures of aniline: 


Qi — «Qe — 
Э AJ 
Qe — Qu 
SAMPLE PROBLEM 


Explain why piperidine is a stronger base than morpholine. 


CT, 
NH O mE 
i= 


piperidine morpholine 
pA, = 2.88 pA = 567 


Solution: The oxygen atom in morpholine is e/ectron-withdrawing, making the 
nitrogen more positive. The cation is not stabilized relative to the free 
morpholine, but is destabilized: 


Va \ AE. 
O Witte HO =< Os ими а 
Due № 


less stable 
because of less 
dispersal of + charge 
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Piperidine has no such destabilizing effect. Its cation is stabilized by electron 
release of the attached CH; groups: 


K NH + HO —— МН, + OH 


stabilized 


STUDY PROBLEMS 


15.11. Which would you expect to be more basic: 


(a) piperazine (page 709) or piperidine? (b) piperazine or 


hexamethylenetetramine? 
af 
a 
rar 
эы д 
hexamethylenetetramine 


15.12. Benzylamine (C,H;CH,NH,) has about the same base strength as an 
alkylamine, not that of an arylamine. How do you explain this fact? 


15.13. Explain the following trend in pK, values: 


pK, = 13.0 pK, = 9.37 pK, = 8.9 


SECTION 15.7. 


Amine Salts 


The reaction of an amine with a mineral acid (such as НС!) or a carboxylic acid 
(such as acetic acid) yields an amine salt. The salts are commonly named in one of 
two ways: as substituted ammonium salts or as amine-acid complexes. 


trimethy lamine trimethylammonium chloride 
ог 


trimethylamine hydrochloride 


CH,CH,NH; + CH,CO,H ————  CHjCH,NH, *O,CCH, 


ethylamine acetic acid ethylammonium acetate 
Or 
ethylamine acetate 
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Because of its ability to form salts, an amine that is insoluble in water may be 
made soluble by treatment with dilute acid. In this fashion, compounds containing 
amino groups may be separated from water- and acid-insoluble materials. Nat- 
urally occurring amines in plants, called alkaloids (Section 16.10), may be extracted 
from their sources, such as leaves or bark, by aqueous acid. Many compounds con- 
taining amino groups are used as drugs. These drugs are often administered as their 
water-soluble salts rather than as water-insoluble amines. 


С! О 


О 
| HCI " || 
(CH,CH,);NCH,CH,O0C NH, ——— (CH,CH,);NHCH,CH,OC NH, 


novocaine novocaine hydrochloride 


water-insoluble water-soluble 


15.14. 


STUDY PROBLEM 


Piperazine citrate 15 a crystalline solid used in the treatment of pinworms and 
roundworms. Write an equation that shows the formation of the piperazine 
citrate formed from one molecule of each reactant. 


CH,CO,H 


EN 
HOCCO,H +HN NH ——— 

Sees 
CH,CO,H 


citric acid piperazine 


A free amine may be regenerated from one of its salts by treatment with a 
strong base, usually NaOH. Quaternary ammonium salts, which have no acidic 
protons, do not undergo this reaction. 


RNH,' C] + OH- RNH, + H,O 
an amine salt an amine 
R,N* C7 «OH ә» по reaction 


a quaternary 
ammonium salt 


Because of the ionic charge of a quaternary ammonium ion, quaternary 
ammonium salts have some interesting applications. For example, quaternary 
ammonium salts with long hydrocarbon chains are used as detergents. The com- 
bination of a long, hydrophobic, hydrocarbon tail with an ionic, hydrophilic head 
results in two types of interactions with other substances. One part of the molecule 
is soluble in nonpolar organic solvents, fats, and oils, while the other part is 
soluble in water. Soaps (Section 20.2) exhibit similar behavior. 
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Phospholipids, some of which are quaternary ammonium salts, are naturally 
occurring emulsifying agents. Phospholipids are also one of the principal com- 
ponents of cell membranes, where their unique structures are involved both in 
containing the cell and in the selective transport of ions and other substances 
through the membrane (see Section 20.3). 


hydrocarbon chains 


О 
zA CH,OC(CH;),,CH; 

Д О 

/ 

, | 

CH;(CH;),,COv- С-Н ionic end 
i 
CH ;Q POCH,CH,N(CH,); The choline portion 

п. is circled. 


a phosphatidylcholine 
(a phospholipid) 


A fairly new application of quaternary ammonium salts is their use as 
phase-transfer catalysts. To show how these catalysts work, let us say that we wish 
to carry out a substitution reaction between an alkyl halide and СМ”. Unfor- 
tunately, alkyl halides are insoluble in water, and NaCN 15 insoluble in most 
organic solvents. When an aqueous NaCN solution is mixed with a solution of 
RX in a water-insoluble organic solvent such as benzene, two layers result. 
Reaction can occur only at the interface of these layers. А phase-transfer catalyst 
is used to transfer the CN ions to the organic solution so that reaction can occur 
in the organic solution as well as at the interface. An added advantage to reaction 
occurring in the organic solvent is that nucleophiles such as СМ” are more 
nucleophilic and more reactive when they are not solvated by water. 

The catalytic action of В.№* ХГ arises from the fact that it is water-soluble 
and also slightly soluble in organic solvents. If В.М X' is dissolved in the 
aqueous phase of the two-phase reaction mixture, some of the salt also becomes 
dissolved in the organic layer. However, if the aqueous layer contains an excess 
of СМ ions, the salt that is transferred is mainly В.М” СМ, not В.М” X". 


Anion exchange in the aqueous phase: 


БС С + CN -e> eG, Hy N СМ aC 


tetrabutylammonium excess migrates to organic 
chloride phase 


5 м2 reaction in the organic phase: 


CH4(CH;),Cl + (n-C4H9)N* CNE СН (ЄН) МЕ (п-С,Н,) N* Clo 


1-chlorooctane nonanenitrile returns to aqueous phase 
90% for additional exchange 
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SECTION 15.8. 


Substitution Reactions with Amines 


We have already mentioned a variety of substitution reactions with amines. 
The problems of the reaction of an amine with an alkyl halide were discussed 
earlier in this chapter (Section 15.5). 


S2 ‘ t + . 
Ма se RC] ——— ЫЕ С! and also RNHR', Cl and RNR CI 


R' 
In Chapter 13, we discussed the acylation of amines as a technique for the 
synthesis of amides. For example: 
(s 0:5 © 
Ci РА -HCI || 
ш = тш > |С С ие СН,С 


a ERE :МНСН, 


N-methylacetamide 


The utility of this reaction is that amines can be used to synthesize other amines by 
conversion to the amide, followed by reduction. 


O O 
|] ео (1) LiAIH, ; 
ВОС == ВМ —— ОАК, т ы. ВСН, МЕ’, 
an acid chloride ап amine an amide І а new amine 


Amides also undergo reactions with aldehydes and ketones to yield imines 
and enamines. (For the mechanisms, see Section 11.10.) 


HRS) ( у= + H,O 


an imine 


( yw + Њо 


ап епатіпе 


Өх 
cyclohexanone 


НМК, (2°) 
H* 


SECTION 15.9. 


Reactions of Amines with Nitrous Acid 


In Section 10.14, we discussed the formation of benzenediazonium chloride 
(СН М,“ Cl) by the treatment of aniline with cold aqueous nitrous acid, HNO, 
(prepared in situ from NaNO; and НС). Recall that the aryldiazonium salts are 
stable at 0 and are useful synthetic intermediates because of the excellent leaving 
ability of N;. 
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The treatment of a primary alk vlamine with NaNO, and HCl also results in а 
diazonium salt, but an alkyldiazonium salt is unstable and decomposes to а 
mixture of alcohol and alkene products along with N,. The decomposition pro- 
ceeds by way of a carbocation. 


NaNO, -Ñ, 
: HCI 4. га 
(CHi);CHNH, ——› (CHj;CH—N; Cl 
isopropylamine isopropyldiazonium 
а 1 amine chloride 


[(CH;sCH*] —2°4-(CH;),CHOH + CH,CH=CH, 


When treated with NaNO, and НСІ. secondary amines (alkyl or aryl) yield 
:'N- nitrosoamines, compounds containing the N—N=O group. Many N-nitroso- 
amines are carcinogenic. 


i nitroso group 


А NaNO, cw ed 
шне == € N—NO + H,O 
HCI | Š 
V-methylaniline CH; 
а 2° amine an N-nitrosoamine 


Tertiary amines are not entirely predictable in their reactions with nitrous 
acid. A tertiary arylamine usually undergoes ring substitution with — NO because 
of the ring activation by the — МК, group. A tertiary alkylamine (and sometimes 
tertiary arylamines, too) may lose ап В group and form an N-nitroso derivative of 
a secondary amine. 


STUDY PROBLEMS 


15.15. When n-butylamine is treated with a cold aqueous solution of НСІ and NaNO,, 
the following products are obtained: 1-chlorobutane, 2-chlorobutane, 
1-butanol, 2-butanol, 1-butene, 2-butene. and nitrogen gas. Suggest a mechanism 
(or mechanisms) that accounts for each of these products. 


15.16. Suggest a reason why benzenediazonium chloride is more stable than 
ethyldiazonium chloride. 


SECTION 15.10. 


Hofmann Elimination 


Quaternary ammonium hydroxides (R,N~ ОН”) are amine derivatives that 
are used in structure-determination studies because they undergo elimination 
reactions to yield alkenes and amines. We will look briefly at how these compounds 
are prepared, then at their elimination reactions, and finally at their utility in 
structure studies. 
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A. Formation of quaternary ammonium hydroxides i 


When a quaternary ammonium halide is treated with aqueous silver oxide, the 
quaternary ammonium hydroxide is obtained: 


2R,N* X + Ag,O + H,O — ОМИН F2A^gXl 
a quaternary a quaternary 
атшошши halide ammoniti hydroxide 
I poe Е „СНз 
2 Pe СГ + Ag,0 + НО э 2( ne OH + 2 AgCl] 
СН, СН, 
N,N-dimethylpiperidinium N,N-dimethylpiperidinium 
chloride hydroxide 


A quaternary ammonium hydroxide cannot be obtained by the ionic reaction 
of В.М* X^ with aqueous NaOH because the reactants and products are all 
water-soluble ionic compounds. If such a reaction were attempted, a mixture of 
R,N* ОН” and R,N* С! (along with NaOH and NaCl) would result. How- 
ever, silver hydroxide, which is formed in situ from moist silver oxide (Ag;O + 
H,O  2AgOH), removes the halide ion as an AgX precipitate. Removal of the 
AgX by filtration, followed by evaporation of the water, yields the pure quaternary 
ammonium hydroxide. 


B. The elimination 


When a quaternary ammonium hydroxide (as a solid) is heated, an elimination 
reaction called a Hofmann elimination occurs. This reaction is an E2 reaction in 
which the leaving group is an amine. 


RN 

ge 

R,N 9t 
№ 


heat R,C—CH, 
———— = 7 < | 


асараг Д i a R,C=CH, 
H и ОҢ H---GH + 


н a E2 transition state H,O; 


This elimination generally yields the Hofmann product, the alkene with 
fewer alkyl groups on the pi-bonded carbons. The formation of the less substituted, 
less stable alkene may be attributed to steric hindrance in the transition state 
(Section 5.9E) due to the bulky В; № group. 


CH, 


heat 


ва “l 
(CH;),N—CHCH,CH, OH™ 


sec-butyltrimethylammonium hydroxide 


(СНз) № + CH,=CHCH;,CH; + CH;CH=CHCH; + H,O 


|-butene 2-butene 
95% 5% 
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STUDY PROBLEMS 
15.17. Predict the major organic products when the following compounds are heated: 


GH; CH, 
(а) Етан Шыл ОН” (b) Gre CHI GBA OH 
Сн, СН, 


C. Exhaustive methylation 


Many compounds in nature contain heterocyclic nitrogen rings. A quaternary 
ammonium hydroxide of a heterocyclic ring undergoes elimination in the same 
fashion as an open-chain amine. When the nitrogen atom is part of a ring, frag- 
mentation does not occur. Instead, the product amino group and alkenyl group 
both remain in the same molecule. 


К 
HO H 
aN 
+ heat "зми 
сн»), — — ‹ М(СН,), + H,O 
N,N-dimethylpiperidinium N.N-dimethyl-4-penten-1-amine 
hydroxide 


In the determination of the structure of a compound, the goal is often to 
degrade the compound into small identifiable fragments. To show how the 
Hofmann elimination can do this, let us consider the simple ring system of piper- 
idine. The quaternary ammonium hydroxide is prepared by treatment with СН 
(S42 reaction) followed by reaction with Ag,O. Heating results in elimination to 
yield an alkenylamine, as shown in the preceding equation. 

Because the product of this elimination still contains an amino group, it can 
undergo another reaction with CH;] and Ар,О to yield a new quaternary ammon- 
ium hydroxide. Heating this product results in a new alkene, while the nitrogen is 
expelled, or **exhausted," from the molecule as trimethylamine. This series of 
reactions 15 called exhaustive methylation. 


— (1) CHI Wet ав — 
{к ose МЕН ОН „==. Cos M T СН ум 


trimethylamine 


“exhausted” 


The beginning piperidine has gone through two stages of exhaustive methyla- 
tion (two passes through the sequence CH,I, Ag,O, heat) before the nitrogen was 
lost from the parent compound. Two stages are typical for a nitrogen heterocycle. 
If the nitrogen had been attached to the ring instead of within the ring, one stage 
would have resulted in loss of the nitrogen. 
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15.18. 


15.19. 
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STUDY PROBLEMS 


Fill in the blanks: 


(2) Ü \wes (1) excess CHI heat (1) CH,I 
— —— —————À 
N 3 (2) Ag,O = — rU" — 
H (3) heat 


(b) (умы, TU) xe C HUNE 1 heat 
ОУБ УЛО Ag,O к 


Coniine, CgH,7N, is a toxic constituent of poison hemlock (Conium maculatum), 
the extract of which is believed to have killed Socrates. The nmr spectrum of 
coniine shows no doublets. Coniine undergoes reaction with two equivalents of 
CH,I. Reaction with Ag,O followed by pyrolysis yields an intermediate 

(C, oH; №) which, upon further methylation followed by conversion to the 
hydroxide and pyrolysis, yields trimethylamine, 1,5-octadiene, and 1,4-octadiene. 
What are the structures of coniine and the intermediate compound? 


SECTION 15.11. 


Use of Amines in Synthesis 


The synthesis of nitrogen-containing compounds is of special interest to organic 
chemists involved in pharmacology and other biological sciences because many 
biomolecules contain nitrogen. Most of the reactions used to synthesize nitrogen 
compounds from amines have already been discussed in other chapters of this 
book. 

Many of the reactions of amines are the result of nucleophilic attack by the 
unshared electrons of the amine nitrogen. The substitution reaction of an amine 
with an alkyl halide is one example of an amine acting as a nucleophile. Amines 
may also be used as nucleophiles in nucleophilic acyl substitution reactions. If a 
carboxylic acid derivative 1s the carbonyl reagent, the product is an amide. If an 
aldehyde or ketone is the carbonylreactant, the product is an imine (from a primary 
amine, RNH;) or an enamine (from a secondary amine, R; NH). These and other 
reactions of amines are summarized in Table 15.5. 

The conversion of an amino group to a good leaving group (—N;" or 
—МК,’ OH )is another synthetic technique. Hofmann eliminations of quater- 
nary ammonium hydroxides are more useful as an analytical tool than as a syn- 
thetic tool because mixtures of product alkenes can result. (Also, an elimination 
reaction ofan alkyl halide is a more convenient route to an alkene in the laboratory.) 
Nmr spectroscopy has largely replaced Hofmann eliminations even as an aid in 
structure determinations. On the other hand, conversion of an arylamine to a 
diazonium salt and a subsequent substitution reaction are very useful in organic 
syntheses. Refer to Figure 10.11, page 490, to see the types of compounds that are 
readily obtainable from aryldiazonium salts. 

Single enantiomers of chiral amines are common in plants. Because of their 
basicity, some of these amines find use in the resolution of racemic carboxylic 
acids. Two such amines are strychnine and brucine, both of which are isolated 
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TABLE 15.5. Some compounds that can be obtained from amines 


Section 


Reaction Product reference 
RN + ЕХ ———À R,NR’ X^ amine salt or 
quaternary ammonium 
salt 15.5A 
О 
| | 
R;NH + R'CCI —— RjNCR' amide* 13.3С, 15.8 
1° АМН, + В.С=О Н, RN=CR’, imine 11.10A 
1 [ja 
> R,NH + RCHCR’ Н. R4C-CR' enamine’ 11.10C 
NaNO, 
" HCI + = Е 5 d 
ArNH; di AN,” Cl aryldiazonium salt“ 10.15, 15.9 
NR’, (1) СН 


(2) Аё, О. H;O 
5 
(3) heat 


| 
R,CHCR; R,C=CR, alkene 15.10 


* Other routes to amides are the similar reactions of amines with acid anhydrides 
(Seciion 13.4C) and with esters (Section 13.5C). 


* Enamines may be converted to a-substituted aldehydes or ketones (see Section 14.5). 
* Aryldiazonium salts may be converted to aryl halides, nitriles, etc. (see Section 10.15). 
4 Secondary amines (alkyl or aryl) yield N-nitrosoamines when treated with HNO). 


from the seeds of the Asiatic tree Strychnos nux-vomica. (Both compounds are 
toxic stimulants of the central nervous system.) The steps in resolving a racemic 
carboxylic acid with a chiral amine were discussed in Section 4.10. 


strychnine brucine 


STUDY PROBLEM 
15.20. Suggest synthetic routes to the following compounds: 


(a) the pain reliever phenacetin (p-ethoxyacetanilide) from p-nitrophenol. (For 
the structure of acetanilide, see Table 10.1, page 451.) 
(b) methyl orange (page 931) from substituted benzenes 


(9) 
ll 
(c) E from compounds containing six or fewer carbon 
atoms 
O 
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Summary 


An amine is a compound that contains a trivalent nitrogen that has from one to 
three alkyl or aryl groups attached: RNH;, R;NH, or В, М. A compound with 
four groups attached to the nitrogen is an amine salt(R,NH* X )ora quaternary 
ammonium salt (RN * ХГ). 

Amines may be prepared by substitution reactions, by reduction reactions, or 
by rearrangement. These synthetic reactions are summarized in Table 15.3 (page 
721). 

Because the nitrogen of an amine has a pair of unshared electrons, amines 
are weak bases. The base strength is affected by hybridization (sp? > sp? > sp), by 
electron-withdrawing groups (base-weakening), by electron-releasing groups (base- 
strengthening), and by conjugation (base-weakening). 


( NH» (CON CH,—NH, > NH, 


electron-release 
hybridization 


CH,NH; > CI-CH;NH, ( ун, > (Qo 


electron-withdrawal 
conjugation 


Amines undergo reaction with acids to yield amine salts: 


HX 
R,N ===? R,NH* Х- 


an amine salt 


Most amines are nucleophiles and can displace good leaving groups or can 
attack carbonyl groups, reactions that are summarized in Section 15.11. When 
primary amines are treated with cold nitrous acid, diazonium salts are formed. 
Alkyldiazonium salts are unstable, but aryldiazonium salts may be used to 
prepare a variety of substituted aromatic compounds. 

Quaternary ammonium hydroxides, when heated, undergo elimination of 
water and an amine. The least substituted alkene is usually formed. This reaction 
is called the Hofmann elimination. 


CH;CHjNCH3) oH- —®®› CH=CH, + М(СН)), PEO 
СШОЙ СЫ, СЫ ЕН ОП, 


-— 
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STUDY PROBLEMS 


. Classify each of the following compounds as a primary, secondary, or tertiary amine; as an 


amine salt of one of these; or as a quaternary ammonium salt: 


(a) a Іс (b) (Омен, 
H^ “сн 


3 


(с) (CHj;CHN(CH,, Br- — (d) (CH,);CNH;* HSO,- 


. Write structures for the following compounds: (a) cyclopentylamine; 


(b) (2-methylcyclohexyl)amine; (с) N,N-diethyl-p-nitroaniline ; 
(а) 2-(N. N-dimethylamino)hexanoic acid. 


. Name the following compounds: 


(a C,H,CH.NCH, (b) CX 


CH,CH, 


| i 
(c) (inn, Вг (4) CH,CHCH,CH,CH 


. Which of the following structures has enantiomers, geometric isomers, both, or neither? 
[ Hint: In (f). consider the hybridization of the М and the resultant geometry.] 
(a) pH (b) m o 

CH;CH,; CHi; 
CH CH 
и“ ааа 
(с) } ОТЕ (d) Ke СГ 
CH GH; CHCH, 
с 
(е) CH;NCH;CH, (f) C,H,CH—NOH 
СН; 
. Which of the following species сап act as а nucleophile? 


(а) (CH3);NH (b (CH3), N (с) H;N—NH,; 


E А 
(d) (ON © HN мн, © Oa 


. Explain the following observations: 


(a) Cyclohexylamine is more water-soluble than cyclohexanol. 
(b) Trimethylamine has a lower boiling point than dimethylamine. 
(c) Ethylamine is higher boiling than dimethylamine. 


736 


15.27. 


15.28. 


15.29. 


15.30. 


15.31. 
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Suggest syntheses for the following compounds from organohalogen compounds or 
alcohols: 


OH 
(a) (b) quove 


CH,NH, 
(c) HO;CCH,CHCO,H (d) (CH,),CHNH, 
NH, 
(e) {У мненьсньсн, (Г) CH,CH,CH,CH,N(CH;), 


How would you convert l-pentanol to: (а) -pentylamine (free of higher alkylated 
amines)? (b)z-hexylamine? (с) n-butylamine? 

Suggest a way to make each of the following conversions: (a) benzene to aniline; 

(b) benzamide to aniline; (с) aniline to acetanilide (Cs H; NHCOCH;); (d) glutaric 
anhydride (page 592) to 4-aminobutanoic acid; (e) (R)-2-butanol to ($)-2-butylamine; 
(f) toluene to benzylamine; (р) acetic acid to acetamide. 

Which is more basic? (a) aniline or p-bromoaniline; (b)trimethylamine or 
tetramethylammonium hydroxide; (c) p-nitroaniline or 2,4-dinitroaniline; 

(d) ethylamine or ethanolamine (HOCH;CH,NH,;); (е) p-toluidine (p-methylaniline) or 
p-(trichloromethyl)aniline. 


Complete the following equations: 


(a) (Que + ( Nu — 
(b) (Ох + on- ——À 


(c) (Qo. em ын. cue 
(d) (CH4NH* + (Qo. = 


(о (СЫМ CHa.cH.<co,7 === 


(f) 4 МН GESGOPSLI F 


О 
(g) МИ оби = 


О 
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15.32. List each of the following groups of cations in order of increasing acidity (weakest acid 


first): 
СІ Cl 
@ (D( NH; (2) < i^ (804 М 
CI 


О 


( Q 
(0) 00 ‹ NH,” (2) < NH,” m МН, * 
(с) (1) (О) (2) (pe (3) (Op 
2 3 
(d (D H4,O* (QW Nm 


15.33. A chemist mixes a solution that is 0.0100M in NaOH and 0.00100M in methylamine 
(рК, = 3.34). 


(a) What concentration of methylammonium ion is present in the solution? 
(b) At what pH would the concentrations of methylamine and methylammonium ion be 
equal? 
15.34. Suggest techniques for separating the following mixtures: 


(a) cyclohexanol. cyclohexylamine, and cyclohexanecarboxylic acid 
(b) hexanamide and n-hexylamine 


15.35. Which nitrogen in LSD is the most basic? Why? 


| 
г „е СМСН:СН;): 


М 
Сн, 
LSD 


15.36. Predict the organic products when the local anesthetic novocaine (page 726) is treated with: 
(a) 1 equivalent cold dilute H;SO;; (Б) excess dilute НСІ and heat; (с) excess dilute 
NaOH and heat. 


15.37. Predict the products when xylocaine (another local anesthetic) is treated with the reagents 
in Problem 15.36. 


| 
(CH,CH;),NCH,CNH 


CH, 


xylocaine 
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15.38. 


15.39. 


15.40. 


15.41. 


15.42. 


15.43. 


15.44. 


15.45. 


Chapter 15 Amines 


What would be an appropriate technique for resolving each of the following compounds? 
T 2 ОСН, 
(a)  C;H,CHCH, (b) 
CO,CH, 
Predict the major organic products: 


(a) СНЫ + МН, (excess) —— (b) СНЫ (excess) + NH, ——— 


O O 

OHS, H,O OH; H,O 

(O dm NA “ш (©З JNGMS I © 
O 


Predict the major product of the reaction of pyrrolidine (page 709) with (a) benzoyl 
chloride; (b) acetic anhydride; (c) СН», (excess); (d) phthalic anhydride; 

(e) benzenesulfonyl chloride (СьН;50,С1); (f) acetyl chloride, followed by LiAIH, (then 
hydrolysis); (g)cold nitrous acid; (h)dilute HCl; (i)acetone -- H*. 


Predict the major product of the reaction of N-methylpyrrolidine with each of the reagents 
[except (g)] in Problem 15.40. 


What chemical reaction could you use to distinguish between: 


(a) aniline and n-hexylamine? 
(b) n-octylamine and octanamide? 
(c) triethylammonium chloride and tetraethylammonium chloride? 


Predict the major organic products when each of the following compounds is heated: 


C.H x 
ы N(CHj); 


(a) М OH- (b) OH- 


Predict the products of the exhaustive methylation of the following heterocycle: 


aS 


Suggest synthetic routes to the following compounds: 


(a) isoleucine (2-amino-3-methylpentanoic acid) 

(b) f-phenylethylamine from toluene 

(c) 2-methyl-1-phenyl-1,3-pentanedione from benzoic acid 
(d) aniline from benzoic acid 


15.46. 


15.47. 
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An amine (С.Н, ; №) is subjected to two stages of exhaustive methylation. The final products 
are trimethylamine and the following diene: 


л 


What is a likely structure for the original amine? 
The treatment of (cyclopentylmethyl)amine with nitrous acid resulted in a 76% yield of 
cyclohexanol. Another alcohol and three alkenes were also present in the product mixture. 


(a) Give a plausible mechanism for the formation of cyclohexanol. 
(b) What are the likely structures of the other products? 


. А chemist attempted to carry out a Hofmann rearrangement of butanamide with bromine 


and potassium hydroxide in methanol, rather than in water. Instead of n-propylamine, the 
chemist obtained a carbamate, CH,CH ;CH,NHCO,CH,. Explain how this product was 
formed. 


- When the following compound is subjected to catalytic hydrogenation, a compound with 


the formula С.Н, 5 № is produced. What is the structure of this product? 
CH;CH;CN 


О 


- A tertiary amine is oxidized by peroxides such as H,O, to an amine oxide, a compound 


containing the —NO group. Ап amine oxide with a В hydrogen undergoes elimination 
when heated. (This reaction is called a Cope elimination.) Suggest a mechanism for the 
following elimination reaction of an amine oxide. 


о Сен; H 
Сз свако зе: кое. + (СНз) МОН 
в, cH H,C CH, 
(S) (R) (E) 


major alkene 


- А chemist treated 1-bromobutane with ammonia and isolated products А and B. When A 


was treated with acetic anhydride, C was obtained. When B was treated with acetic 
anhydride, D was obtained. The infrared spectra of C and D are shown in Figure 15.2 
(page 740). Identify A, B, C, and D. 


. The infrared spectrum for Compound A (C4H,,N) is given in Figure 15.3 (page 740). А is 


soluble in dilute acid. Oxidation of A with hot KMnO, yields benzoic acid. What are the 
two possible structures for A? How could you distinguish these two possibilities by nmr 
spectroscopy? 
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FIGURE 15.2. Infrared spectra for Problem 15.51. 
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FIGURE 15.3 Infrared spectrum for Compound A in Problem 15.52. 
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15.53. A compound C,,H, NO (A) has the nmr spectrum shown in Figure 15.4. A is insoluble in 
dilute aqueous acid. Heating A with aqueous NaOH, followed by acidification, results in 
two compounds: acetic acid and an amine salt. The free amine (B) from this salt has the 
formula C,H, ‚№. 

Compound B was subjected to high-pressure hydrogenation to yield C (СН, №). 
Compound C was subjected to one stage of exhaustive methylation (in which it took up 
2 moles of СН;1) and yielded trimethylamine and 3-methyl-1-cyclohexene. What are the 
structures of A, В, and С? 


300 200 100 0 Hz 
T Не Г ip ia T3 
| | 3- ] 
—— — 4—— o — 34 —+ T + 
| | 
+- —— + 35 —- + | T Zr —— 
— | H —- T ————— T -L——Á 
| 3 
DIL. — = E | — е Dl | 
Pata fb 

| | PAS NN 
к | NHEI 21 ae 
| = == SS SS SS = F | 
+ ee —ч + кы E | == E] 
{ { | | | | i 
EX CU EB S 

| | | | | | | 
Н = 4—M— t | rL—4- - | | — m] 

шш AY | | Ет | ее | 
| | | El | ae EA) i SSS ae 
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 ppm 


FIGURE 15.4. Nmr spectrum of compound A in Problem 15.53. 


СНАРТЕК 16 


Polycyclic and Heterocyclic 
Aromatic е 


I: Chapter 10, we discussed benzene and substituted benzenes. However, 
benzene is but one member of a large number of aromatic compounds. Many 
other aromatic compounds may be grouped into two classes: polycyclic and hetero- 
cyclic compounds. The polycyclic aromatic compounds are also referred to as 
polynuclear, fused-ring, or condensed-ring, aromatic compounds. These aromatic 
compounds are characterized by rings that jointly share carbon atoms and by a 
common aromatic pi cloud. 


Some polycyclic aromatic compounds: е 


naphthalene anthracene phenanthrene 


The polycyclic aromatic hydrocarbons and most of their derivatives are s 25. 
Naphthalene has been used as mothballs and flakes, and derivatives of naphthalene 
are used in motor fuels and lubricants. The most extensive use made of the poly- 
cyclic aromatics is that of synthetic intermediates, for example, in the manufacture 


of dyes. 
NH, OH OH NH, 
loom O QUO Е XQ. 
~O;S SO,” SO; 


Direct Blue 2B 
a dye 
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Graphite is one of the more interesting polycyclic compounds. The structure 
of graphite consists of planes of fused benzene rings (Figure 16.1). The distance 
(3.5À ) between any pair of planes is believed to be the thickness of the pi system of 
benzene. The "slipperiness " of graphite is due to the ability of these planes to 
slide across each other. Because of this property, graphite is a valuable lubricant 
that can be used even in outer space where ordinary oils and greases would solidify. 
Because of its mobile pi electrons, graphite can conduct electricity and finds use 
where an inert electrode is needed. Flashlight batteries, for example, contain 
graphite electrodes. 


top view side view 


FIGURE 16.1. The structure of graphite. 


А heterocyclic compound is a cyclic compound in which the ring atoms are of 
carbon and some other element. The atom of the other element (for example, 
N, S, or O) is called the heteroatom. Heterocyclic rings can be aromatic, just as 
carbon rings can. Approximately a third of the organic chemical literature deals 
with heterocyclic compounds. The importance of these compounds will become 
clear as we approach the end of the chapter and discuss some naturally occurring 
heterocycles—the alkaloids, such as morphine; the nucleic acids, the carriers of the 
genetic code; and a few other compounds of biological importance. 


Some aromatic heterocyclic compounds: 


ооо 


furan* 
pyridine pyrrole* 


SECTION 16.1. 


Nomenclature of Polycyclic Aromatic Compounds 


The ring systems of common polycyclic aromatic compounds have individual 
names. Unlike the numbering of benzene or a cycloalkane ring, which starts at the 


* A circle in the ring is not a proper representation of an aromatic pi cloud in a 
five-membered heterocycle. How the aromatic pi cloud is formed in these 
compounds will be discussed in Section 16.9. 
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position of a substituent, the numbering of a polycyclic ring is fixed by convention 
and does not change with the position of a substituent. 


5 4 5 10 4 | 10 
naphthalene anthracene phenanthrene 


The position of a substituent in a monosubstituted naphthalene is often 
designated by a Greek letter. The positions adjacent to the ring-junction carbons 
are called x positions, while the next positions are В positions. By this system, 
|-nitronaphthalene is called o-nitronaphthalene, while 2-nitronaphthalene is 
called fi-nitronaphthalene. Naphthalene itself has four equivalent x positions 
and four equivalent В positions. (Only number designations are used in the anthra- 
cene and phenanthrene systems.) 


NO; 
WE NO, 
f В i 
p B 
a 4 
I-nitronaphthalene 2-nitronaphthalene 
(x-nitronaphthalene) (f-nitronaphthalene) 


SECTION 16.2. 


Bonding in Polycyclic Aromatic Compounds 
For a monocyclic ring system to be aromatic, it must meet three criteria: 


1. Each atom in the ring system must be in the sp? (or sp) hybrid state. 
2. The ring system must be planar. 


3. There must be (4n + 2) pi electrons in the ring system (Hückel rule). 


These criteria were discussed in Section 10.7. A polycyclic aromatic molecule must 
also contain only sp?-hybridized atoms in the aromatic system, and the entire 
ring system must be planar. The Hückel rule, which was devised for monocyclic 
systems, also is applicable to polycyclic systems in which the sp? carbons are 
peripheral, or on the outside edge of the ring system. In polycyclic compounds, 
the number of pi electrons is easily counted when Kekulé formulas are used. 


oco a 


10 pi electrons 14 pi electrons 14 pi electrons 
(UH em 2] (п = 3) (л = 3) 


Bonding in Polycyclic Aromatic Compounds Section 16.2. 745 


Like benzene, the polycyclic aromatic systems are more stable than the 
corresponding hypothetical polyenes with localized pi bonds. The energy differ- 
ences between the hypothetical polyenes and the real compounds (that is, the 
resonance energies) have been calculated from heats of combustion and hydrogen- 
ation data. 


resonance energy ОО 
36 61 84 92 


(Acal mole): E 


Note that the resonance energy for a polycyclic aromatic compound is less 
than the sum of the resonance energies for a comparable number of benzene rings. 
Although the resonance energy for benzene is 36 kcal/mole, that for naphthalene 
is only 61 kcal/mole (about 30 kcal/mole for each ring). 

In benzene, all carbon-carbon bond lengths are the same. This fact leads 
us to believe that there is an equal distribution of pi electrons around the benzene 
ring. In the polycyclic aromatic compounds, the carbon-carbon bond lengths 
are not all the same. For example, the distance between carbons 1 and 2 (1.36 À 
in naphthalene is smaller than the distance between carbons 2 and 3 (1.40 А). 


1.42 A 
| C—C in ethane: 1.54 А 
М 51.26 А 
(e Mag C=C in ethylene: 1.34 Å 
A, $c 
/ C—C in benzene: 1.40 А 
1.39 A 


From these measurements, we conclude that there is not an equal distribution 
of pi electrons around the naphthalene ring. From a comparison of bond lengths, 
we would say that the carbon 1-сагбоп 2 bond of naphthalene has more double- 
bond character than the carbon 2-carbon 3 bond. The resonance structures for 
naphthalene also indicate that the carbon 1-carbon 2 bond has more double-bond 
character. 


two out of three resonance structures 
show a carbon 1-сағроп 2 double bond 


mi / № 
і 2 
м» CET 
QUE. iE 
5 4 


& 


Because all the carbon-carbon bonds in naphthalene are not the same, many 
chemists prefer to use Kekulé-type formulas for this compound instead of using 
circles to represent the pi cloud. We will use Kekulé-type formulas in our dis- 
cussion of the reactions of naphthalene. 

Phenanthrene shows similar differences between its bonds. The double- 
bond character of the 9,10-bond of phenanthrene is particularly evident in its 
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chemical reactions. These positions of the phenanthrene ring system undergo 
addition reactions that are typical of alkenes but are not typical for benzene. 


г 10 Вг 
\ Вг 


double-bond character 


STUDY PROBLEM 


16.1. Write the Kekulé resonance structures for phenanthrene. On the basis of these 
structures, explain why the 9,10-bond has double-bond character. 


SECTION 16.3. 


Oxidation of Polycyclic Aromatic Compounds 


The polycyclic aromatic compounds are more reactive toward oxidation, re- 
duction, and electrophilic substitution than is benzene. The reason for the greater 
reactivity is that the polycyclic compounds can undergo reaction at one ring and 
still have one or more intact benzenoid rings in the intermediate and in the product. 
Less energy is required to overcome the aromatic character of a single ring of the 
polycyclic compounds than is required for benzene. 

Benzene is not easily oxidized; however, naphthalene can be oxidized to 
products in which much of the aromaticity is retained. Phthalic anhydride is pre- 
pared commercially by the oxidation of naphthalene; this reaction probably 
proceeds by way of o-phthalic acid. 


still has one 


о va benzenoid ring 
и ©) 


Сон 4 
ALON 
= СХ 
heat үч 
naphthalene O 


| 
o-phthalic acid 


phthalic anhydride 


Under controlled conditions, 1,4-naphthoquinone may be isolated from an 
oxidation of naphthalene (although yields are usually low). 


О 
CrO, 
H,SO, 
— 
heat 
naphthalene О 


1.4-naphthoquinone 
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Anthracene and phenanthrene сап also undergo oxidation to quinones: 


anthracene 


phenanthrene О 
9.10-phenanthraquinone 


STUDY PROBLEM 


16.2. From the following observations, tell whether chromate oxidation of 
naphthalene derivatives involves an initial electrophilic attack or nucleophilic 


attack. 
CrO, 
CH,CO;H, CO;H 
CO,H 


х2 3-nitro-1,2-phthalic acid 
МН, 
an CO,H 
оо & © 
СО,Н 
|-naphthylamine o-phthalic acid 


SECTION 16.4. 
Reduction of Polycyclic Aromatic Compounds 


Unlike benzene, the polycyclic compounds may be partially hydrogenated 
without heat and pressure, or they may be reduced with sodium and ethanol. 


Na, CH,CH;OH 3 
—————— l mno reaction 
heat 
Na, CH,CH;OH 
——————— 
heat 


tetralin 


Na, CH;CH;OH 
о 
heat 


9,10-dihydroanthracene 
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Note that the partially reduced ring systems still contain one or more benze- 
noid rings. Most of the aromatic character of the original ring systems has been 
retained in these partially reduced products. To hydrogenate the polycyclic 


aromatics completely would, of course, require heat and pressure, just as it does 
for benzene. 


naphthalene 2255 ES "Um CX 
2D Зы, decalin 


tetralin 


STUDY PROBLEM 


16.3. Predict the product of the reaction of phenanthrene with sodium and ethanol. 


SECTION 16.5. 


Electrophilic Substitution Reactions of Naphthalene 


The polycyclic aromatic ring systems are more reactive toward electrophilic 
attack than is benzene. Naphthalene undergoes electrophilic aromatic substitution 
reactions predominantly at the 1-position. The reasons for the enhanced reactivity 
and for this position of substitution will be discussed shortly. 


Br 


B 
= АС 1-bromonaphthalene 
no catalyst 


NO, 


HNO,, H;SO; о 
CX а “ЧЫЧ uc ао |-nitronaphthalene 
SO,H 
naphthalene 
conc. H;S0,.80* 
]-naphthalenesulfonic acid 


— 


O=CCH, 


4*3 l-acetylnaphthalene 


Anthracene, phenanthrene, and larger fused-ring compounds are even more 
reactive than naphthalene toward electrophilic substitution. However, these 


li 
CH,CCI, AICI, 


NENNEN | 
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reactions are not as important as those of naphthalene because mixtures of isomers 
(which are often difficult to separate) are obtained. Phenanthrene, for example, 
undergoes mononitration at each available position to yield five nitrophen- 
anthrenes. 


A. Position of substitution of naphthalene 


The mechanism for naphthalene substitution is similar to that for benzene sub- 
stitution. Let us look at the stepwise bromination reaction to see why substitution 
at the 1-position is favored and why this reaction occurs more readily than the 
bromination of benzene. 


1 -Substitution (favored): 


e. (Mae 
Br C lr: 


Н. Br: li 
Step ү Step 2 + 
————— ————- 
slow fast *H 
intermediate 


Resonance structures for the 1-substitution intermediate: 


H Br H Br H Br 
К + 
+ 
A — MÀ MÀ M — MÀ 
two major contributors 
H Br H Br 
dh 
————À 
+ 


The resonance structures of the intermediate for substitution at the 1-position 
show two contributors in which the benzene ring is intact. Because of aromatic 
resonance-stabilization, these two structures are of lower energy than the other 
resonance structures and are major contributors to the real structure of the inter- 
mediate. This is the reason that naphthalene undergoes electrophilic substitution 
more readily than benzene. For benzene to go to a benzenonium ion requires the 
loss of aromaticity, about 36 kcal/mole. For naphthalene to go to its intermediate 
requires only partial loss of aromaticity, about 25 kcal/mole (the difference in 
resonance energy between naphthalene and benzene). Because of the lower Е. 
leading to the intermediate, the rate of bromination of naphthalene is faster than 
that of benzene. 


Е Н 
С еп в b requires 36 kcal/mole to destroy aromaticity 
E H 


E* er J requires only 25 kcal/mole 
———— 
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Why is I-substitution favored over 2-substitution for naphthalene? Inspect the 
resonance structures for the intermediate leading to 2-substitution: 


2-Substitution (not favored): 


Br 


pt к B 
r 
Step | Step 2 | 
ЗШ [н ee) +H 
slow fast 


intermediate 


Resonance structures for the 2-substitution intermediate: 


, Br Br Br 
+ + 


only опе 
major contributor 


Br 5 Br 
CO — OO 
+ 


The 2-intermediate has only one contributing resonance structure in which а 
benzenoid ring is intact, while the resonance structures for the l-intermediate 
show two such structures. The l-intermediate is more stabilized by resonance, 
and its transition state is of lower energy. For this reason, the E, is lower and its 
rate of formation faster. 

The sulfonation of naphthalene, which isa reversible reaction (Section 10.8F), 
is more complex than bromination. At 80°, the expected 1-naphthalenesulfonic 
acid is the product. However, at higher temperatures (160-180°), the product is 
2-naphthalenesulfonic acid. At low temperatures, the reaction is under kinetic 
control—that is, the relative rates of reaction determine the product ratio. At high 
temperatures, the reaction is under thermodynamic, or equilibrium, control—the 
relative stabilities of the products determine the product ratio. 

We have already seen why the rate of 1-substitution of naphthalene is faster 
than that of 2-substitution. At less than 80°, the rate of formation of either naph- 
thalenesulfonic acid is relatively slow; the reaction proceeds through the lower- 
energy l-intermediate just as it does for bromination. 


Le 1-naphthalenesulfonic acid 


91% 


= oom 


2-naphthalenesulfonic acid 


at 80°: + SO, 
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Even though l-naphthalenesulfonic acid is formed at low temperatures, 
this isomer is less stable than the 2-isomer because of repulsions between the 
—SO,H group and the hydrogen at position 8. 


T less repulsion 
H——SO,H н H Ve 


H H “вон | 

EP | | 

H H H | 

H H H H | 

I-naphthalenesulfonic acid 2-naphthalenesulfonic acid | 
less stable more stable 


At a higher temperature, the rates of both forward reactions and the rates of 
both reverse reactions are all increased. Although the 1-product may be formed 
more readily, it can revert quickly to naphthalene. The 2-product is formed more 
slowly, but the rate of its reverse reaction is even slower because the 2-product is 
more stable and of lower energy. At higher temperatures, the 2-product accumu- 
lates in the reaction mixture and is the observed product (see Figure 16.2). 


SO,H 


Е 
в 1-naphthalenesulfonic acid 
at 160°: + SO; 
slower PORE 
= CY) 
slowest 


2-naphthalenesulfonic acid 
85%, 


at 80°. reaction follows this route 


at 160^, 
more stable 
isomer formed 


< Progress of reaction 2 


FIGURE 16.2. Energy diagram for the sulfonation of naphthalene. 
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16.4. 


16.5. 


STUDY PROBLEMS | 


On the basis of what you learned in Chapter 10 about activating and 
deactivating groups and the position(s) to which they direct an incoming 
substituent, predict the major organic products of aromatic nitration of the 
following compounds: 


єн, 


CH, 
. "Qc 


. «Qc 


Write equations showing how you could prepare the following compounds from 
naphthalene. 
CN CH;CH;CH,; Br 


SO,H 


оо “СО «QC 
Вг 


SECTION 16.6. 


Nomenclature of Aromatic Heterocyclic Compounds 


Because of their widespread occurrence in nature, the aromatic heterocycles 
are of more general interest to chemists than are the polycyclic compounds con- 
taining only carbon atoms in their rings. Like the polycyclic aromatic compounds, 
the aromatic heterocycles generally have individual names. The names and struc- 
tures of some of the more important members of this class of compounds are listed 
in Table 16.1. 

The numbering of three representative heterocycles follows: 


à 3 
5 3 47 М№ 4,—N 
оо. R 
6 N^ - 5 вг $ no? 
1 1 H 
pyridine thiazole imidazole 


When a heterocycle contains only one heteroatom, Greek letters may also be 
used to designate ring position. The carbon atom adjacent to the heteroatom 
is the « carbon. The next carbon is the f carbon. The next carbon in line, if any, is 
у. Pyridine has two « positions, two В positions, and one у position. Pyrrole has 
two « and two В positions. 


pyridine pyrrole 
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TABLE 16.1. Some important aromatic heterocyclic compounds 


Structure Name Siructure Name 


pyrrole O 
"X 


furan 
OO quinoline 
N 


pyrimidine 


= 
— — 


/ > thiophene 
e isoquinoline 
N N 
Д > imidazole 
Н OU кы 
N N 
a ) thiazole H 
N Lj ? 
C) J purine 
| di N^ N 
© pyridine H 
N 


SECTION 16.7. 


Pyridine, a Six-Membered Aromatic Heterocycle 


Of the common six-membered heterocycles, only the nitrogen heterocycles are 


stable aromatic compounds. 
H aa carbon 
2? 
por (©) gy Б 
<. og 


Q 
pyridine pyran 
aromatic nol aromatic 


Pyridine has a structure similar to that of benzene. Pyridine contains a planar, 
six-membered ring consisting of five carbons and one nitrogen. Each of these ring 
atoms is sp?-hybridized and has one electron in a p orbital that contributes to the 
aromatic pi cloud (six pi electrons). Figure 16.3 shows the lowest-energy z 
molecular orbital of pyridine. 

Note the differences between benzene and pyridine. Benzene is symmetrical 
and nonpolar, but pyridine contains an electronegative nitrogen and therefore is 


polar. 
o E^ attack on ring 
*— not favored 
N 


á 


dipole moment и = 2.26 D 
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Each ring atom contributes 
one pi electron 


unshared electrons 
in sp? orbital 


FIGURE 16.3. The lowest-energy л molecular orbital in pyridine. 


Because the nitrogen is more electronegative than carbon, the rest of the 
pyridine ring is electron-deficient. An electron-deficient ring means that the carbon 
atoms in the ring carry a partial positive charge. A pyridine ring therefore has a low 
reactivity toward electrophilic substitution compared to benzene. Besides the 
electronegative nitrogen rendering the ring partially positive, pyridine forms a 
cation with many Lewis acids. Cation formation renders the ring even more 
electron-deficient. 


e^ -deficient —— ——e @ @ -——— тоге e -deficient 
М N* 
= | 


~FeBr, 


Pyridine does not undergo Friedel-Crafts alkylations or acylations, nor does 
it undergo coupling with diazonium salts. Bromination proceeds only at high 
temperatures in the vapor phase and probably proceeds by a free-radical path. 
When substitution does occur, it occurs at the 3-position. 

Br 


OO: Q 


pyridine 3-bromopyridine 3,5-dibromopyridine 
37% 26% 


Another major difference between pyridine and benzene is that the nitrogen 
in pyridine contains an unshared pair of electrons in an sp? orbital. This pair of 
electrons can be donated to a hydrogen ion. Like amines, pyridine is basic. The 
basicity of pyridine (pK, = 8.75) is less than that of aliphatic amines (pK, = ~4) 
because the unshared electrons are in an sp? orbital instead of an sp? orbital. 
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Section 16.7. 755 


Nonetheless, pyridine undergoes many reactions typical of amines. 


СУ 
pyridine a 


`- 


(С н CI 


HCI . : 
be а pyridinium chloride 


(сн, І 


N-methylpyridinium iodide 


Like that of benzene, the aromatic ring of pyridine is resistant to oxidation. 
Side chains can be oxidized to carboxyl groups under conditions that leave the 


ring intact. 


\ 
Qoo. m О-о 
» heat x 
toluene benzoic acid 
CH, CO,H 
CY KMnO; 
M heat x 


3-methylpyridine 


3-pyridinecarboxylic acid 
(nicotinic acid) 


a B vitamin 


A. Nucleophilic substitution on the pyridine ring 


When a benzene ring is substituted with electron-withdrawing groups such as 
—NO,, aromatic nucleophilic substitutions can take place (see Section 10.16). 


NO, 


О 


I-chloro-2,4-dinitrobenzene 


NH; 


NO; 


2,4-dinitroaniline 


The nitrogen in pyridine withdraws electron density from the rest of the ring. 
It is not surprising, then, that nucleophilic substitution also occurs with pyridine. 
Substitution proceeds most readily at the 2-position, followed by the 4-position, 


but not at the 3-position. 


2-bromopyridine 
СЇ 


C2 


N 
4-chloropyridine 


ep К 
heat 
N МН, 
2-aminopyridine 
Ne 
———— 
heat 
N 
4-aminopyridine 
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Let us look at the mechanisms for substitution at the 2- and 3-positions to 
see why the former reaction proceeds more readily. 


2-Substitution (favored): 


dia ; p. = 
p = 
XN Br major contributo 
SA ] 
Gn pe < S. 
Niii c ep Е mL ESL | 
IN SN N N^ NH, 
Br Br ЕВ 
resonance structures for intermediate 
3-Substitution (not favored): 
Br “МН, 
2 а -H* 
= 


NH, с.н» _ NH; Ni, 
2 d e И 
Вг «—— ү Вг = | Bel =, | 
CNF "Né Nia N7 


resonance structures for intermediate 


The intermediate for 2-substitution is especially stabilized by the contribution 
of the resonance structure in which nitrogen carries the negative charge. Sub- 
stitution at the 3-position goes through an intermediate in which the nitrogen 
cannot help stabilize the negative charge. The intermediate for 3-substitution is of 
higher energy; the rate of reaction going through this intermediate is slower. 


STUDY PROBLEM 


16.6. Give the resonance structures for the intermediate in the reaction of 
4-chloropyridine with ammonia. 


Benzene itself (with no substituents) does not undergo nucleophilic sub- 
stitution. This reaction does occur with pyridine if an extremely strong base such 
as a lithium reagent or amide ion (NH; ) is used. 


О + NH, 10" , no reaction 
O + МН, = О. ae, C + OH- 
2 
N N N 


NH- NH, 
2-aminopyridine 
10%, 
@ J Qu ЕЕ a + LiH 
N N 
2-phenylpyridine 
505% 
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In the reaction of pyridine with NH; , the initial product is the anion of 2- 
aminopyridine. The free amine is obtained by treatment with water. 


Step 1 (attack of МН, and loss of H; 


(< 
< Е PN = SO atm loss of H7 
moe а —— "OU MEN 2н] LSH, 
Bs N N зм? 
To NES " МН, 


ўн, 


resonance structures for intermediate 


S SS 
| +H — | +Н, 
ЖОТА NZ 
м 


N^^N № “NH 
H the anion of 
2-aminopyridine 
Step 2 (treatment with Н.О) 
S э L 
| + H,O | + OH 
2 «е 2 
№ ^NH- т ма. 


2-aminopyridine 


SECTION 16.8. 
Quinoline and Isoquinoline 
Quinoline is a fused-ring heterocycle that is similar in structure to naphthalene, | 


but with a nitrogen at position 1. Isoquinoline is the 2-isomer. (Note that the | 
numbering of isoquinoline starts at a carbon, not at the nitrogen.) | 


А 
6 3 B | 
OQ = 
и N^ 
By. 2] 


quinoline 
5 3 
6 3 SS | 
ог 
7 (5 2 „М | 
XN av | 
isoquinoline | 


Both quinoline and isoquinoline contain a pyridine ring fused to a benzene 
ring. The nitrogen ring in each of these two compounds behaves somewhat like 
the pyridine ring. Both quinoline and isoquinoline are weak bases (pK, — 9.1 
and 8.6, respectively). Both compounds undergo electrophilic substitution more 
easily than pyridine, but in positions 5 and 8 (on the benzenoid ring, not on the 
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deactivated nitrogen ring). The positions of substitution are determined by inter- 
mediates similar to those in naphthalene substitution reactions. 


МО, 
_нхо,, 
н; Е 
d 5- dme 
52% 
—5Ó 
48", 
МО, 
_нхо,, ix " < 
E po AN ZN 
isoquinoline 5-nitroisoquinoline 
boy NO, 


8-nitroisoquinoline 
107, 


STUDY PROBLEM 


16.7. Draw resonance structures of the intermediates for nitration at the 5- and 
6-positions of quinoline to show why 5-nitroquinoline is formed preferentially. 


Like pyridine, the nitrogen-containing ring of either quinoline or isoquino- 
line can undergo nucleophilic substitution. The position of attack is x to the nitrogen 
in either ring system, just as it is in pyridine. 


71 SO ND. 
| (2) Н о 
a = 2: 
м. NH, 


quinoline 2-aminoquinoline 
iom M > 
N (2) Н.О 
2 
isoquinoline сн, 


|-methylisoquinoline 


SECTION 16.9. 


Pyrrole, a Five-Membered Aromatic Heterocycle 


For a five-membered-ring heterocycle to be aromatic, the heteroatom must have 
two electrons to donate to the aromatic pi cloud. Pyrrole, furan, and thiophene all 
meet this criterion and therefore are aromatic. We will emphasize pyrrole in our 
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discussion of five-membered аготаис heterocycles because it is typical in terms of 
both bonding and chemical reactivity. 


H P: 


5 
pyrrole furan thiophene 


Unlike pyridine and the amines, pyrrole (pK, = ~ 14) is пог basic. 
у, 
H 


To see why pvrrole is not basic, we must consider the electronic structure of 
pyrrole. We know that pyrrole is aromatic because (1) its heat of combustion is 
about 25 kcal mole less than that calculated for a diene structure; (2) pyrrole under- 
goes aromatic substitution reactions; and (3) the protons of pyrrole absorb in the 
aromatic region of the nmr spectrum (Figure 16.4) (Recall that aryl protons ab- 
sorb downfield from most other protons because thev are deshielded by the effects 
of the ring current; see Section 8.7B.) 

In a five-membered ring. the minimum number of pi electrons needed for 
aromaticitv is six (47 + 2. where n = 1). The four carbons of pyrrole each contri- 
bute one electron; therefore, the nitrogen atom of pyrrole must contribute two 
electrons (not just one as it does in pyridine). In addition to contributing two elec- 
trons to the pi molecular orbitals, the nitrogen in pyrrole shares three electrons in 
sigma bonds to two ring carbons and to a hydrogen. Consequently, all five bonding 
electrons of the nitrogen are used in bonding. The pyrrole nitrogen does not have 
unshared electrons and is not basic. Figure 16.5 shows the orbital picture for the 
lowest-energy x molecular orbital. 


no stable cation 


© 


+00 


tos 


00 200 100 0 Hz 


ta 


8 protons 


* 0 70 6.0 5.0 40 30 20 1.0 O ppm 


FIGURE 16.4. Nmr spectrum of pyrrole, С„НьМ. (The NH absorption is a low, broad band 
near & ppm.) 
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one pi electron two pi electrons 
from each carbon from nitrogen 


p orbitals in 7, 


FIGURE 16.5. The bonding in pyrrole, C4H&N. 


STUDY PROBLEM 


16.8. If pyrrole did form a cation when treated with НСІ, what would its structure be? 
(Show the p orbitals.) Would the pyrrole cation be aromatic or not? 


Because the nitrogen atom in pyrrole contributes two electrons to the aro- 
matic pi cloud, the nitrogen atom is electron-deficient and therefore not basic. 
The pyrrole ring, however, has six pi electrons for only five ring atoms. The ring is 
electron-rich and therefore partially negative. The dipole moments reflect this: 
nitrogen is usually the negative end of a dipole, but the nitrogen in pyrrole is the 
positive end of the molecule. 


С У 


и: 226D 1.81 D 


A.  Electrophilic substitution on the pyrrole ring 


Because the ring carbons are the negative part of the pyrrole molecule, these 
carbons are activated toward electrophilic attack, but deactivated to nucleophilic 
attack. (This reactivity is opposite to that of pyridine.) The principal chemical 
characteristic of pyrrole and the other five-membered aromatic heterocycles is the 
ease with which they undergo electrophilic substitution. 


50, / \ со, 
т х 9H 


2-pyrrolesulfonic acid 
jo 


N 
H 


pyrrole \ HNO; Boe 
(CH,CO),0 N 2 
52 


H 
2-nitropyrrole 
80° 


Electrophilic substitution occurs principally at the 2-position of the pyrrole 
ring. А look at the resonance structures for the intermediates of 2- and 3-nitration 


16.9. 
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shows why. Three resonance structures can be drawn for the 2-intermediate, 
while only two can be drawn for the 3-intermediate. There is greater delocalization 
of the positive charge in the intermediate leading to 2-nitration than there is in that 
leading to 3-nitration. 


trabon (favored 


f \ [p ex um 
[ Peas. ue У + " co X 
^ н №, М NO N NO, 
{ Ухо, 
М 
H 


resonance structures for the intermediate 


3-Nitration ! not tavored): 


H H NO, 
| M куы: . m 
{ Е \ = P e + t Ц Nu. ЕЕ / Y 
N N N N 
H H H H 


resonance structures for the intermediate 


STUDY PROBLEM 


Predict the major organic monosubstitution products: 


Отпора ——— E 


(b) thiophene + H:SO, | —— 3. 


(с) pyrrole + CSH,N,;^ С ——9 


dioxane 
——— 
25° 


(d) furan + Br, 


B. Porphyrins 


The porphyrin ring system is a biologically important unit found in heme, the 
oxygen-carrying component of hemoglobin; in chlorophyll, a plant pigment; and 
in the cytochromes, compounds involved in utilization of O, by animals. Structures 
of these compounds are shown in Figure 16.6. 

Note that the porphyrin ring system is composed of four pyrrole rings joined 
by =CH— groups. The entire ring system is aromatic. 


circled hydrogen atoms 
can be replaced 
by metal ions 


porphyrin 
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HO,CCHgGH; 
HO,CCH,CH, 


со; 
2 
CHSCH,CH 
CH, NH—! 
CH, 


cytochrome c 


CEO CGHS CH, 
CH,0,C 


O 
chlorophyll a 


HO,CCH,CH; 


HO,CCH,CH, 


FIGURE 16.6. Some biologically important porphyrins. 


The pyrrole hydrogens in the porphyrin ring system can be replaced by a 
variety of metal ions. The product is a chelate (Greek, chele, **crab's claw”), 
a compound or ion in which a metal ion is held by more than one bond from the 
original molecule. With porphyrin, the chelate is planar around the metal ion, and 
resonance results in four equivalent bonds from the nitrogen atoms to the metal. 


planar and 
resonance-stabilized 
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SECTION 16.10. 
Alkaloids 


A. Occurrence and structure 


Primitive people have often used extracts of roots, bark, leaves, flowers, berries, 
and seeds as drugs. This use of plants for medicinal purposes was not necessarily 
based on superstition or wishful thinking. Many plants contain compounds that 
have profound physiological impact. The active agents in many of these plant 
substances have been isolated and have been found to be heterocyclic nitrogen 
compounds. 

Many of the nitrogen compounds in plants contain basic nitrogen atoms and 
thus can be extracted from the bulk of the plant material by dilute acid. These 
compounds are called alkaloids, which means “like an alkali." After extraction, 
the free alkaloids can be regenerated by subsequent treatment with aqueous base. 


" H.O 
Extraction: Ran: НС) > RENH GC 


Regenerabon. RNH^ CI + OH- 


RN: + HO + а- 


Alkaloids vary from simple to complex in their structures. One of the simplest 
in structure, but not in its physiological effects, is nicotine. 


nicotine 


In large doses. nicotine is toxic; nicotine sulfate is used as an insecticide. In 
small doses (such as a smoker obtains from cigarettes). nicotine acts by stimu- 
lating the autonomic (involuntary) nervous system. If small doses are continued, 
nicotine can depress this same nervous system into less than normal activity. 

The first isolation of an alkaloid in the pure state was reported in 1805. This 
alkaloid was morphine (from the Greek Morpheus, the god of dreams), one of 
many alkaloids to come from the gum and seeds of the opium poppy, Papaver 
somniferum. 


NCH, 


CHO, ‘Оо сон, 


heroin 


morphine 


Codeine is the methoxy derivative of morphine (at the phenolic group), 
while heroin is the diacetyl derivative. Codeine, like morphine, is a powerful 
analgesic and occurs naturally in the seeds of the opium poppy. Codeine is also 
an excellent cough suppressant that is sometimes used in prescription cough 
medicines. In recent years, it has been largely replaced by dextromethorphan, 
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a nonaddictive, synthetic drug that is an equally effective cough suppressant. (Note 
the similarities in structure.) 
NCH, 


CH,O 


dextromethorphan 


Heroin does not occur naturally, but may be synthesized from morphine in 
the laboratory. Heroin, like morphine and codeine, is a powerful analgesic. In 
some parts of the world, heroin is used to relieve pain in terminal cancer patients. 
Because it is even more addictive than morphine, its medicinal use is prohibited in 
the United States. 

A large number of physiologically active alkaloids contain the tropane ring 
system: 


NH 


tropane 


One of the tropane alkaloids is atropine, found in Atropa bellaaonna and 
other members of the nightshade plant family. Atropine is used in eye drops to 
dilate the pupils. Scopolamine (a so-called “truth " serum) is used as a preoperative 
sedative; chemically, it is the epoxide of atropine. Cocaine, a habituating stimulant 
and pain reliever, also contains the tropane ring system. 


NCH; NCH; NCH, CO,CH, 
H 
H O;CC,H; 
O,CCHCH;OH O;CCHCH;OH H 
бн, б.н, 
atropine scopolamine cocaine 


STUDY PROBLEM 


When atropine is subjected to acid hydrolysis, two products can be isolated: 
tropine, which is not optically active, and tropic acid, which is obtained as a 
racemic mixture. What are the structures of these two compounds? 


B. Synthesis of an alkaloid 


The laboratory synthesis of an alkaloid can be a challenging problem. The goal of 
such a project is not only to synthesize the natural product, but to do so from 
simple molecules by a short, elegant pathway. Such syntheses often have practical 
importance because many alkaloids are potent and desirable drugs. Large amounts 
of these alkaloids are often difficult to obtain from natural sources. A simple 
synthesis thus can provide an alternative supply of such a drug. 
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Let us consider the synthesis of the simple alkaloid arecaidine, one of the 
alkaloids found in betel nuts (Areca catechu). “ Betel,“ a mixture of these nuts with 
lime from shells and leaves from a type of pepper plant, has been chewed and 
consumed by natives of the East Indies as a euphoric (an agent that imparts a 
sense of well-being). Unfortunately for the chewers, betel stains the teeth black. 
Betel nuts have also been used in China for 1500 years in the treatment of intestinal 
worms. 

The synthesis of arecaidine, summarized in Figure 16.7, was reported in 1946. 
Because this alkaloid has no stereoisomers, the synthesis was aimed only at con- 
verting an open-chain compound to a ring system that has the functional groups 
positioned correctly. 


О 


| NH NaOC,H 
2CH,—CHCOC,H, — ИО ОВ COGU) “Бл 


\ ring closure) 


CH, 


arecaidine 


FIGURE 16.7. Synthesis of arecaidine, a betel-nut alkaloid. 


The starting material for this synthesis is ethyl propenoate (A in Figure 16.7). 
Upon reaction with ammonia, А is converted by two stepwise 1,4-addition reactions 
(Section 11.19) to the secondary amine B. The product of the first 1,4-addition 
réaction is a fj-amino ester, which then reacts with another molecule of the pro- 


penoate in the second reaction. 
"uc il 


MES, HINGHGGSHCO,GH, — 5259 b 


СН,=СНСО,С,Н, 


Cyclization is accomplished by a Dieckmann ring closure (page 688). The 
product is the B-keto ester C. This reaction places the nitrogen and the carboxyl 
group 1,3 to each other. 

The remaining portion of the synthesis is aimed at reduction of the keto 
group to a hydroxyl group and dehydration to the desired alkenyl ring. For 
reduction, the original investigators used a catalytic hydrogenation. This reduction 
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necessitates blocking the NH group because amines poison hydrogenation 

catalysts. Therefore, prior to hydrogenation, the amine С is converted to the 

amide D by reaction with benzoyl chloride (Section 13.3C). Compound D con- 

tains three carbonyl functional groups. Of these, the keto group is most reactive 

toward hydrogenation. By control of the reaction conditions, D can be converted | 

to the alcohol E, leaving both the amide and the ester groups intact. | 
In the next step, the ester and amide groups are hydrolyzed by heating with 

aqueous HCI (Sections 13.5C and 13.9C). Under the hydrolysis conditions, the 

alcohol part of the molecule undergoes dehydration. (Why does dehydration occur 

so readily in this case, and why is only one isomeric alkenyl compound formed?) 

The synthesis is completed by the reaction of the amino group with CHI (ап 

Sx2 reaction) to yield the tertiary amine (Section 15.5A). 


STUDY PROBLEM 


16.11. In 1946, when this synthesis of arecaidine was first carried out, metal hydride 
reducing agents were not readily available. How would you modify the synthesis 
of this alkaloid today? 


SECTION 16.11. 
Nucleic Acids 


One of the most fascinating areas of modern research has been that of the nucleic 
acids, which are the carriers of the genetic codes in living systems. Because of 
information contained in the structure of the nucleic acids, an organism is able 
to biosynthesize different types of protein (hair, skin, muscles, enzymes, and so 
forth) and to reproduce more organisms of its own kind. 

These are two principal types of nucleic acids. the deoxyribonucleic acids 
(DNA) and the ribonucleic acids (RNA). DNA is found primarily in the cell nucleus; 
it is the carrier of the genetic code and can reproduce, or replicate, itself for purposes 
of forming new cells or for reproduction of the organism. In most organisms, the 
DNA of a cell directs the synthesis of RNA molecules. One type of RNA, 
messenger RNA (mRNA), leaves the cell nucleus and directs the biosynthesis of 
the different types of proteins in the organism according to the DNA code. 

DNA is a polymer. The recombination of DNA is a natural process by which 
bits of genetic material (fragments of the DNA polymer) are incorporated into 
another DNA molecule. The product DNA is referred to as recombinant DNA. In 
recent years, the artificial recombination of genes, often referred to as gene- 
splicing or genetic engineering, has become practical and of medical and economic 
importance. In 1978, it was reported that the genes that direct the synthesis of 
human insulin had been spliced onto the DNA of the bacteria Escherichia coli. 
The altered Е. coli reproduces and becomes a virtual “insulin factory,” producing 
human insulin right along with its own proteins. At the present time, most diabetics 
use animal insulin extracted from the pancreases of cattle and hogs. Human growth 
hormone (HGH) has also been produced through genetic engineering. The only 
previous source of this hormone (used to treat dwarfism) was pituitary glands taken 


VEMM Б 1 j 


Nucleic Acids Section 16.11. 767 


from human cadavers! Another successful result of gene-splicing, reported in 
1980, is the bacterial production of the antiviral agents called Auman interferons, 
which were previously obtainable only in minute amounts. 


A. The structure of DNA 


The backbone of the DNA polymer is a long chain composed of molecules of the 
sugar deoxyribose (which will be discussed in Chapter 18) linked together by 
phosphate groups. The fundamental structure of a DNA molecule is shown in 
Figure 16.8. Note that one end of the chain has an OH group at carbon 5', as the 
sugar is numbered, while the other end has an OH group at carbon 3’. 

Each sugar molecule in DNA is also connected to a heterocyclic ring system, 
usually referred to as a base. Only four principal bases are found in DNA. Two of 
these are substituted pyrimidines and two are substituted purines. 


SN №2 М 
l 2 Gu 


N N 
H 
pyrimidine purine 
О О 
НС 7 

a je jm [| 

oes ES H,N^^N qe 

H E с Н 

cytosine (C) thymine (T) adenine (A) guanine (G) 


^ „————— two of the deoxyribose units 
1 


phosphate groups 


37 OH 
E. wm ur 


FIGURE 16.8. Thestructure of a ОМА molecule. Each base is one of thefour heterocycles: 
cytosine, thymine, adenine, or guanine. 
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In DNA, the bases are attached to the deoxyribose at position 1 of the pyri- 
midines or position 9 of the purines. 


МН, МН, 
(1 ГУ 
м 
jm ыш 1 
НА pus —t "i 
O^ O^ O^ 


Complete hydrolysis of DNA breaks it down into its smallest fragments: 
the sugar, the bases, and phosphate ions. Partial hydrolysis results in nucleosides 
(sugar bonded to base) and nucleotides (sugar bonded to base and phosphate). 


base base 
н.о н.о 
ВМА ———э “sugar—phosphate ===> sugar + phosphate 


a nucleotide a nucleoside 


H;O 
ETE sugar + base 


The structures of the four nucleosides isolated after hydrolysis of the phos- 
phate ester linkages of DNA are shown in Figure 16.9. The four nucleotides that 
can be isolated from partial hydrolysis have similar structures, but with a phos- 
phate group attached to the sugar. 


HOCH, [base] 


ox 
e 
ur 


a nucleotide 


DNA isolated from different tissues of the same organism contains the same 
proportions of bases; however, these proportions vary from species to species. 
For example, human tissue contains approximately 20% each of cytosine and 
guanine and 30% each of adenine and thymine. Escherichia coli contains 25% 
each of cytosine and guanine and 25% each of adenine and thymine. Notice that 
the bases from DNA appear in pairs, with equal amounts of cytosine and guanine 
and equal amounts of adenine and thymine. 

How does the DNA polymer with its succession of heterocycles carry the 
genetic code? In 1953, J. D. Watson and F. H. C. Crick proposed a model for DNA 
that accounts for its behavior. In 1962, these two men, along with Maurice Wilkins, 
who verified the structure of the model by x-ray analysis, were awarded the Nobel 
Prize for their work. The Watson-Crick model of DNA is that of a double helix of 
two long antiparallel DNA molecules held together by hydrogen bonds. “ Anti- 
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NH. О 
ro т 
HOCH: 
OH 
deoxyadenosine deoxy guanosine 
NH, О 
EG 


“SN | NH 


SA 


OH 
deoaveyudine thymidine* 
(deoxythy midine) 


FIGURE 16.9. The nucleosides obtained from the hydrolysis of DNA 


* Thymidine is the preferred name. The deoxy- prefix is unnecessary in this case 
because thymine is normally found only in DNA and not in other nucleic acids. 
The deoxy- prefix is necessary in the other names because the other bases are also 
found in RNA. 


parallel" means that the two DNA molecules are parallel but aligned in opposite 
directions; each end of the double helix thus consists of a 3’ terminus (from one 
molecule) and a 5' terminus (from the other molecule). Figure 16.10 shows three 
representations of double-stranded DNA. 

The hydrogen bonds between DNA strands are not random, but are specific 
between pairs of bases: guanine 15 hydrogen-bonded to cytosine, and adenine to 
thymine. In Figure 16.10, initials are used to represent these bases (for example, A 
for adenine); the hydrogen bonds are represented by dashed lines. Why are these 
hydrogen bonds specific? Thymine and adenine can be joined by two hydrogen 
bonds (approximate strength, 10 kcal/mole). Cytosine and guanine can be joined 
by three hydrogen bonds (approximate strength, 17 kcal/mole). No other pairing 
of the four bases leads to such strong hydrogen bonding. 


Thymine and adenine: 


H 
НС |O——-H—N N 
i 
/ "d EX 3 

N—H-—--N Ж 

N= Хк 2 


BS 


s 
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strand 1 strand И strand 11 strand 1 
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| | 
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| | 
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| | AN 
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(b) ё O С) O D 


С апд N in bases C in phosphate-ester chain P 


FIGURE 16.10. Three representations of the double-helical model of DNA. 
(a) Two uncoiled DNA molecules are joined by hydrogen bonds between 
complementary base pairs. (Not shown are the sugar and phosphate units.) 
(b) The DNA strands are coiled in a double helix, with ten base pairs for every 
complete turn of the helix. (c) A “space-filling” model of DNA. (Adapted from 
William H. Brown and Judith A. McClarin, Introduction to Organic and Biochemistry, 
3rd ed. (Willard Grant Press, Boston, 1981.) 


Cytosine and guanine: 


Н.С О О М 
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Now let us picture the double helix of DNA held together by series of 
particular hydrogen-bonded pairs, as shown in Figure 16.10 (a). Wherever an 
A appears in one strand, a T must appear opposite it in the other strand. The two 
strands are completely complementary in this respect. The pairing of bases 
explains why equal amounts of adenine and thymine and equal amounts of 
cytosine and guanine are found in DNA. 

It is the sequence of bases that determines the genetic code ; therefore, it is not 
surprising that different species contain differing amounts of the four bases. И is 
estimated that a single gene contains 1500 base pairs (a figure that is variable, 
depending on the gene). With this size gene, there can be 4'*°° different possible 
combinations! 


B. Replication of DNA 


The process of DNA replication in a typical cell begins with an enzyme-catalyzed 
unwinding of the double strand (see Figure 16.11). As the double strand unwinds, 
new nucleotides (triphosphates, in this case) become aligned along each strand. 
The nucleotides are incorporated, one by one, in an exactly complementary fashion : 
thymine across from adenine and cyostine across from guanine. 


old strand Me nen rp енн т 
\ PM Sean 


T 


The polymerization of these nucleotides (and the simultaneous loss of 
diphosphate groups). catalyzed by the enzyme DNA polymerase, results in a pair of 
new strands. Each new strand is the complement of one of the old strands. The 
result is a pair of identical DNA helices where only one helix existed before. 


new DNA strand 
50H _ the DNA double helix next 
unwinds from here 


30H / 
original DNA helix 


new strand 


FIGURE 16.11. Replication of DNA involves the unwinding of the helix and the formation 
of new complementary strands. 
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C. The structure of RNA 


DNA holds the genetic code, but RNA “translates” the code into protein syn- 
thesis. The structure of RNA is similar to that of ОМА: a series of sugar units 
(ribose, in this case) joined together by phosphate links, each sugar linked to a base. 
The principal bases in RNA are adenine, guanine, cytosine, and uracil (instead of 
thymine). Uracil forms the same favorable hydrogen bonds with adenine that 
thymine does, and is always paired with adenine in RNA synthesis. 


HOCH, 
О H 
2 
ОН ОН Н 
ribose uracil 


STUDY PROBLEM 


16.12. Give the structures and show the hydrogen bonding between uracil and adenine. 


Hydrolysis of RNA results in nucleotides, nucleosides, phosphate ions, and, 
finally, ribose and the bases. The structures of the nucleosides are shown in 
Figure 16.12. 


OH OH 


adenosine guanosine 


OH OH OH OH 


cytidine uridine 


FIGURE 16.12. The nucleosides obtained from the hydrolysis of RNA. 
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base base 


Н.о | Н.О 


RNA sugar— phosphate | —— sugar + phosphate 


a nucleotide a nucleoside 
н, 
E sugar + base 

Messenger RNA (mRNA) is synthesized under the direction of DNA. The 
mRNA molecules are smaller than DNA molecules. In the synthesis of an mRNA 
molecule, only a portion of the DNA helix unwinds; then complementary ribo- 
nucleotides line up and are polymerized. After polymerization, an mRNA 
molecule does not form a helix with the DNA molecule, but leaves the nucleus to 
aid in protein biosynthesis, a topic we will discuss in Section 19.9. 


Summary 


Three common polycyclic aromatic compounds are naphthalene, anthracene, 
and phenanthrene. These compounds exhibit less resonance energy per ring than 
benzene, and certain C—C bonds have more double-bond character than others. 
These compounds may be oxidized to quinones or may be partially hydrogenated, 
as shown in Table 16.2. 

Naphthalene undergoes electrophilic substitution at the 1-position. 


б d " 
CX | 
cS Ea 


The six-membered aromatic heterocycle pyridine is a weak base and has a 
partially positive ring. Compared to benzene, pyridine is deactivated toward 
electrophilic substitution, but activated toward nucleophilic substitution. 


Quinoline and isoquinoline undergo electrophilic substitution on the benze- 
noid ring, but nucleophilic substitution on the nitrogen ring. 


Y s 2 S ME = 
E* 5 ee ш. № 


Pyrrole is an aromatic five-membered nitrogen heterocycle. It is not basic. 
Its ring is partially negative and is activated toward electrophilic substitution, but 
deactivated toward nucleophilic substitution. 


no unshared { ушр jd 


electrons ~~~ N 
| Н 
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TABLE 16.2. Summary of the reactions of naphthalene, pyridine, and pyrrole 


Reaction Section reference 


Naphthalene: O О 
O О 
g ВЕТ ie or og 16.4 
E 
Eus 165 
Pyridine: 
O ay O х- 16.7 
N* 
Н H 
RX = x- 16.7 
N+ 
R 
ROUES. С) 16.7А 
(2) H,O 
BIRGA О. 16.7А 
М R 
Substituted pyridine: 
Nu. 
(EA TIU. eee 16.7A 
N N 
where СІ 15 2- or 4- 
Quinoline: E 
< + DY 
CO OQ : 
E 
S T S 
р М Е: 16.8 
М N^ “ми 


where Ми is МН, ог R` from RLi 
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Reaction Section reference 


Isoquinoline: 


E ae. ms e 
- E m | E 16.8 
ZN ^^ ZN 
SS 2 SS 
N 
в Mo | 16.8 
AN we ZN 
Nu 


where №и is “NH, or R` fromRLi 


Pyrrole: 


& — S ( 3e 16.9A 
H H 


* At 160 , sulfonation yields 2-naphthalenesulfonic acid. 


The order of reactivity of the heterocycles and benzene toward electrophilic 
and nucleophilic substitution follows: 


Electrophilic substitution: 
О-О 
М 
і H 


Nucleophilic substitution: 


Q, у COL 


Alkaloids are acid-soluble. nitrogen-containing plant materials. Typical 
alkaloids are nicotine, morphine, codeine, and atropine. 

The nucleic acids are polymers. The backbones of the nucleic acids DNA and 
RNA consist of sugar molecules (deoxyribose in DNA and ribose in RNA) linked 
together by phosphate units. Each sugar unit is also bonded to a heterocycle. 
Hydrogen bonding between specific heterocycles results in a pair of DNA molecules 
forming a double helix, and is one of the principal factors responsible for the 
genetic code. Nucleic acids may be hydrolyzed to nucleotides (phosphate-sugar- 
base) and to nucleosides (sugar-base). 


776 Chapter 16 Polycyclic and Heterocyclic Aromatic Compounds 


STUDY PROBLEMS 


16.13. Name the following compounds: 


C,H. 
С, СН, 
| „© °C 
№ POIEGHGH, 
СИ CH; О 
O;N 
ВЕ б) (f) Cr 
O N^ 
O 


16.14. Give structures for each of the following names: (a) 2-acetylnaphthalene; 
(b) I-chloronaphthalene; (с) 2.4-dinitrothiophene; (d) N-phenylpyrrole. 


16.15. How many pi electrons does each of the following structures have? Which structures are 
fully aromatic, the aromatic pi cloud involving the entire ring system? 


16.16. Predict the major organic i nd (If no reaction occurs, write no reaction.) 


em =. 


0) CH; MgBr , H;,MgBr 
(2) H, TOHON — EIS 


н A: sito 
СОН 
(4) o er HNO, 2225 


16.17. Show the stepwise mechanism for the following reaction. (Include resonance structures of 
the intermediate in your answer.) 


CH,CH;, CH,CH, 


H,SO, 
CX me че 


NO, 


16.18. 


16.19. 


16.20. 


16.21. 


16.22. 


16.23. 
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Propose syntheses for the following compounds from naphthalene: 
Br NO, CH,CH, 
o (C » 
CH,CH, 


How would you explain the following observations? Aromatic nitration of 
2-methylnaphthalene yields 75°, 2-methyl-1-nitronaphthalene, but aromatic sulfonation of 
2-methylnaphthalene yields 80°, 6-methylnaphthalene-2-sulfonic acid. 


Draw the p-orbital components in the lowest-energy pi molecular orbitals for the following 
compounds (see Figure 16.3). Indicate the number of p electrons contributed by each atom 
and any unshared electrons. 


(a) thiazole (Ы) pyrimidine (с) purine (d)thiophene (е) pyran 


Show the direction of the dipoles іп (a) 2-methylpyridine; (b) 2-ethylpyrrole; 
(c) isoquinoline. 


Complete the following equations. (If no reaction occurs, write no reaction.) 


(a) er G Poo c 


N 
(b) O + CH,CH,Br —— 

М | 
| 
| 

(с) («ense Tr = | 

М | 

E 


SS (1) C;H,MgBr 
(d == = 
) N онон 
^ FeBr; 
N 


1 
o l я 3. cuca =, 


Give the structures of the products: 


(a) morphine + cold, dilute НСІ ———~> 
(b) morphine + cold, dilute NaOH ———» 
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(c) codeine + cold, dilute NaOH 
(d) psilocin + cold, dilute НСІ 


OH 
CH,CH,N(CH;), 
N 
H 
psilocin 


a hallucinogen in 
Psilocybe mushrooms 


16.24. Which reaction would you expect to have the faster rate and why: (a) the reaction of 
pyridine and sodamide (NaNH;) ог (b) the reaction of 2-chloropyridine and sodamide? 


16.25. Suggest a reason why the rate of aromatic bromination of furan-2-carboxylic acid 
(2-furoic acid) is less than that of furan. 


16.26. Although pyrrole is not basic, thiazole is. Explain. 


16.27. Pyrrole (pK, = ~ 15) is a weak acid: it can lose a proton and form an anion. Suggest а 
reason for the stability of this anion compared to that of (CH;CH,),N. 


16.28. List the following compounds in order of increasing rates of reaction (slowest first) toward 
acetic anhydride with AIC], catalyst: 


(a) 3-nitrofuran (Б) 2,5-йіпигоѓигап (с) 3,4-dinitrofuran (4) 3-methylfuran 


16.29. Suggest a reaction sequence for preparation of the following compound from naphthalene 
and furan: 
О 


16.30. Using an unsubstituted porphyrin ring system with а chelated magnesium ion, show four 
resonance structures (there are more) that illustrate four equivalent bonds to the Mg. 


16.31. Why are guanine and cytosine paired in the DNA helix, but not adenine and cytosine? (Use 
structures to show the hydrogen bonding.) 


16.32. Isoniazid is used in the treatment of tuberculosis. Show how this compound may be 
prepared from 4-methylpyridine. 


O=CNHNH, 


Q 


N 


isoniazid 


16.33. Only one of the three isomeric monohydroxypyridines (OH on a ring carbon) exhibits the 
chemical characteristics of a phenol. Explain. 


16.34. When pyrrole is treated with strong acid, a polymer called pyrrole red is formed. Suggest a 
mechanism for the first step in the polymerization. 


16.35. 


16.36. 


16.37. 


16.38. 


16.39. 


16.40. 


16.41. 
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What is the most likely position of substitution by Br, on the indole ring system? Explain 
your answer by showing the mechanism. 


4 
CX 
А 
6 < М | 2 
H 
indole 


Predict the position of aromatic electrophilic and nucleophilic substitution of pyrimidine 
(Table 16.1). Would you expect pyrimidine to be more or less reactive than pyridine 
toward electrophilic substitution? Toward nucleophilic substitution? 


Imidazole (Table 16.1) is found in proteins. The equilibrium between imidazole (pK, = 7) 
and the imidazolium ion (imidazole—H *) helps buffer proteins in biological systems. Use 
p-orbital pictures to explain why imidazole and the imidazolium ion are both aromatic. 


Substituted naphthalene compounds can be prepared by Friedel-Crafts acylations of 
substituted benzenes with succinic anhydride. Tell what intermediate and final products 
would be obtained in the following sequence. [ Hints: HF catalyzes aromatic acylation with 
a carboxylic acid, and Ра heat causes catalytic dehydrogenation (loss of H,) leading to 
aromatization of nonaromatic rings.] 


AlCl; 
-— >- 


toluene + succinic anhydride (a) D (b) DLE (c) — (d) 


The Skraup synthesis is the classical method for the synthesis of quinoline and substituted 
quinolines. In this reaction sequence, a mixture of glycerol and aniline is heated in the 
presence of concentrated H SO, and a mild oxidizing agent, such as nitrobenzene. The 
principal steps in the sequence are shown. Give mechanisms for steps 1 and 2 leading to 
].2-dihydroquinoline. 


CHOH TN 
H.SO, 
(1) CHOH um a +2 H,O 
CH;OH CH; 
glycerol not isolated 
CHO 
| н? ` 
(2) mE in === + H,O 
NH; CH, iS 
aniline 1.2-dihydroquinoline 


not isolated 


ES 7 "wu. 

(3) 3 - (Qvo. 3 — e +2H,0 
N N 
H 


nitrobenzene quinoline 
о; 
8575 


Predict the product of the reaction of aniline and 3-buten-2-one in the presence of a 
Lewis-acid catalyst. 


Acid hydrolysis of the carbohydrates in oat hulls or corncobs gives Compound A, 
С.Н.О,. in almost 100% yield. Catalytic hydrogenation of А with CuO—Cr;O, 
catalyst at 175° and 100 atm gives Compound B, С;Н,О,. The infrared spectrum of B and 
nmr spectra of A and B are shown in Figure 16.13. What are the structures of А and B? 
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FIGURE 16.13. Spectra for Problem 16.41. 
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Pericyclic Reactions 


pod for S42 and E2 reactions, most of the organic reactions we have dis- 
cussed so far proceed stepwise by way of intermediates such as carbocations 
or free radicals. A large number of reactions of conjugated polyenes, called 
pericyclic reactions (from peri, “around” or “‘about’’), proceed by concerted 
(single-step) mechanisms just as an S42 reaction does—that is, old bonds are 
broken as new bonds are formed, all in one step. Pericyclic reactions are charac- 
terized by a cyclic transition state involving the pi bonds. 

The energy of activation for pericyclic reactions is supplied by heat (thermal 
induction) or by ultraviolet light (photo-induction). (Solvents and electrophilic 
or nucleophilic reagents have little or no effect on the course of a pericyclic 
reaction.) Pericyclic reactions are generally stereospecific, and it is not uncommon 
that the two modes of induction yield products of opposite stereochemistry. For 
example, a thermally induced pericyclic reaction might yield a cis-product, while 
the photo-induced reaction of the same reactant yields the frans-product. 

There are three principal types of pericyclic reactions: 


1. Cycloaddition reactions, in which two molecules combine to form a ring. 
In these reactions two pi bonds are converted to two sigma bonds. The 
best-known example of a cycloaddition reaction is the Diels-Alder 
reaction, discussed in Section 9.16. ** Line" formulas, such as those in the 
following equation, were also discussed in that section. Recall that a 
reactant must be in the s-cis (not s-trans) form to undergo cycloaddition. 


а heat 
+ ү o —— 
ES 


1,3-butadiene ethylene cyclohexene 
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2. — Electrocyclic reactions, reversible reactions in which a compound with 
conjugated double bonds undergoes cyclization. 1n the cyclization, two pi 
electrons are used to form a sigma bond. 


ХС. 


heat or лт 


[e nest 


3.  Sigmatropic rearrangements, concerted intramolecular rearrangements in 


which an atom or group of atoms shifts from one position to another. 


H; H; 
26 


HC, AD: HC sc P 


H H 


For many years, a theoretical understanding of the mechanisms of peri- 
cyclic reactions eluded chemists. However, since 1960, several theories have been 
developed to rationalize these reactions. R. B. Woodward of Harvard University 
and R. Hoffmann of Cornell University have proposed explanations based upon 
the symmetry of the molecular orbitals of the reactants and products. These men 
received Nobel Prizes in 1965 and 1981, respectively, for their work. A similar 
treatment of pericyclic reactions has been developed by K. Fukui (Nobel Prize, 
1981) of Kyoto University in Japan. In this text, we will emphasize Fukui's 
approach. which is called the frontier orbital method of analyzing pericyclic 
reactions. 

Before we discuss the mechanisms of pericyclic reactions, we will introduce 
some features of the molecular orbitals of conjugated systems. We suggest that vou 
first review Sections 2.1-2.3 to refresh your understanding of bonding and anti- 
bonding molecular orbitals. 


SECTION 17.1. 


Molecular Orbitals of Conjugated Polyenes 


A conjugated polyene contains either 4n or (4n + 2) pi electrons, where п is an 
integer, in its conjugated system. The simplest 4n system is represented by 1.3- 
butadiene, where п = 1. Any conjugated diene contains л molecular orbitals 
similar to those of 1,3-butadiene ; therefore, we can use 1,3-butadiene as a model for 
all conjugated dienes. 

In 1.3-butadiene, four p orbitals are used in the formation of the z molecular 
orbitals; thus, four л molecular orbitals result. In this system, л, and л; are the 
bonding orbitals and z,* and z,* are the antibonding orbitals. Figure 17.1 
depicts these orbitals in terms of increasing energy. Note that the higher-energy 
molecular orbitals are those with a greater number of nodes between nuclei. 

In the ground state, 1,3-butadiene has its four pi electrons in the two orbitals 
of lowest energy: л, and 75. In this case. z, is the Highest Occupied Molecular 
Orbital, or HOMO, and л;* is the Lowest Unoccupied Molecular Orbital. or 
LUMO. The HOMO and LUMO are referred to as frontier orbitals and are the 
orbitals used in the frontier orbital method of analyzing pericyclic reactions. 
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у 9 

А А (3 nodes; all four p 
y orbitals out of phase) 
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(no nodes; all four p 
orbitals in phase) 


FIGURE 17.1. The bonding and antibonding л molecular orbitals of 1,3-butadiene, 
CHZ—CHCH-CHs;. The л; апа zzorbitals are bonding orbitals; плз’ and л„* аге 
antibonding orbitals. 


Ground state of 1,3-butadiene: 


+ * 
Ла —— 


"M 

Ja 

Е пз —— — the LUMO 
w 


x E 4— 0 HOMO 


en 


7, 


When 1,3-butadiene absorbs a photon of the proper wavelength, an electron 
is promoted from the HOMO to the LUMO, which then becomes the new HOMO. 


Excited state of 1,3-butadiene: 


zy | -— e` promoted to LUMO; 
1 л ;* is now the HOMO 


N 
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FIGURE 17.2. The bonding and antibonding z molecular orbitals of 1,3,5-hexatriene, 
CH;-—CHCH-CHCH-CH;. 
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Aside from ethylene (n = 0), the simplest (4n + 2) system is represented by a 
conjugated triene (п = 1), such as 1,3,5-hexatrienc. Becausc a tricne contains а pi 
system formed from six p orbitals, a total of six x molecular orbitals results. These 
are depicted in Figure 17.2, along with the z orbital diagram of the ground state. 


STUDY PROBLEMS 


Draw the л orbital diagram for the lowest-energy excited state of 
1.3, 5-hexatriene. 


Draw the л orbital diagram for the ground state of the nonconjugated diene 
1.3-pentadiene. (Be careful!) 


SECTION 17.2. 


Cycloaddition Reactions 


A cycloaddition reaction is a reaction in which two unsaturated molecules undergo 
an addition reaction to yield a cyclic product. For example, 


two л electrons two л electrons 


CH; CH, i А CH,—CH, 
1-27 | - 


= и | 


CH, CH, CH, —CH, 
ethylene cyclobutane 


The cycloaddition of ethylene or any two simple alkenes is called a [2 + 2] 
cycloaddition, because two pi electrons + two pi electrons are involved. The 
Diels-Alder reaction (Section 9.16) is an example of a [4 + 2] cycloaddition. The 
diene contains four pi electrons that are used in the cycloaddition, while the 
dienophile contains two. (The carbonyl pi electrons in the following example are 
not used in bond formation in the reaction and therefore are not included in the 
number classification of this cycloaddition.) 


H CHO 
С Е (0) heat O 
+ | = 
ы 


the diene the dienophile 
(4 л electrons) (2 л electrons) 


STUDY PROBLEM 


Classify the following cycloaddition reaction by the number of pi electrons 


involved: 
CH; 


О 
| (CIEL, ОСН 
ls ЕН 
Н.С CH, C.H, 

О 
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Cycloaddition reactions are concerted, stereospecific reactions. (Sec Section 
9.16 for a discussion of the stereochemistry of the Diels-Alder reaction.) Also, 
any particular cycloaddition reaction is either thermally induced or photo- 
induced, but not both. 


A. [2 + 2] Cycloadditions 


Cycloaddition reactions of the [2 + 2] type proceed readily in the presence of 
light of the proper wavelength, but not when the reaction mixture is heated. The 
reason for this is readily explained by the frontier orbital theory: by assuming that 
electrons **flow" from the HOMO of one molecule to the LUMO of the other. 

Let us consider the (2 + 2] cycloaddition of ethylene to yield cyclobutane. 
Ethylene has two л molecular orbitals: л, and z,*. In the ground state, л, is thc 
bonding orbital and the HOMO, while z,* is the antibonding orbital and the 


A V +! Homo 
ee 


Ethylene in the ground state: 


SAMPLE PROBLEM 


Draw the orbital diagram and the p orbitals for the lowest-energy excited state 
of ethylene, and indicate the HOMO. 


Solution: 
V V —L. HOMO 
о 8 


In a cycloaddition reaction, the HOMO of one molecule must overlap with 
the LUMO of the second molecule. (It cannot overlap with the HOMO of the 
second molecule because that orbital is already occupied.) Simultaneously with 
the merging of the л orbitals, these orbitals also undergo hybridization to yield the 
new sp? sigma bonds. 
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When ethylene is heated, its л electrons are not promoted, but remain in the 
ground state, л. If we examine the phases of the ground-state HOMO of one 
ethylene molecule and the LUMO of another ethylene molecule, we can see why 
cyclization does not occur by thermal induction. 


V 


HOMO, т, Y А 
UN heat 


D C meris 
VA 


phases wrong for о verlap, А LUMO, mi 


symmetry-Jorbidden 


For bonding to occur, the phases of the overlapping orbitals must be the 
same. This is not the case for the ground-state HOMO and LUMO of two ethylene 
molecules or any other [2 + 2] system. Because the phases of the orbitals are 
incorrect for bonding, a thermally induced [2 + 2] cycloaddition is said to be a 
symmetry-forbidden reaction. A symmetry-forbidden reaction may occur under 
some circumstances, but the energy of activation would be very high— possibly so 
high that other reactions, such as free-radical reactions, would occur first. 

When ethylene is irradiated with ultraviolet light, a pi electron is promoted 
from the z, to the z,* orbital in some, but not all, of the molecules. The result is а 
mixture of the ground-state and excited-state ethylene molecules. If we examine the 
HOMO of an excited molecule (л,*) and the LUMO of a ground-state molecule 
(also л,*), we see that the phases are now correct for bonding. Such a reaction has 
a relatively low energy of activation, and is said to be symmetry-allowed. 


excited HOMO, T 


—=ы iti 
ps transition state 


phases correct for bonding. in which т orbitals 


symmetry allowed are being rehybri- 
pg d LUMO, n;* dized to о orbitals 


Although the cycloaddition of ethylene itself proceeds in poor yield, other 
photo-induced [2 + 2] cycloadditions do find synthetic utility. Probably the 
widest use of this type of reaction is with intramolecular cyclizations, which can 
yield some very unusual “cage” structures. 
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H Ọ,CCH;, н O,CCH, 


О О 
Br А | Вг 
и һу Br Я i һу r. (9r | 


STUDY PROBLEM 


Suggest synthetic routes to the following compounds from open-chain starting 
materials. 


С.Н: CO,H 


(a) йи, ы ХУ 


Hoye CH 


B. [4 + 2] Cycloadditions 


As we have mentioned, the Diels-Alder reaction is the best-known [4 + 2] cyclo- 
addition. The examples on page 425 illustrate the versatility of this reaction. Note 
that the Diels-Alder reaction requires heat, not ultraviolet light, for its success. 
This experimental condition is different from that required for a [2 + 2] cyclo- 
addition. To see why this is so, we will examine the HOMO-LUMO interactions of 
only the p-orbital components that will form the new sigma bonds in a [4 + 2] 
cycloaddition. We will compare the HOMO-LUMO interactions for the ground 
state (for a thermally induced reaction) and those for the excited state (for an 
attempted photo-induced reaction). Based upon experimental observations, we 
would expect to find that the HOMO-LUMO interactions of the thermally 
induced reaction are symmetry-allowed and those of the photo-induced reaction 
are symmetry-forbidden. 

We will use the simplest [4 + 2] system: the cycloaddition of 1,3-butadiene 
(the diene) and ethylene (the dienophile). The frontier orbital pictures may, of 
course, be extrapolated to other [4 + 2] cycloadditions. In the thermally induced 
reaction, we can visualize the pi electrons "flowing" from the HOMO (z;) of the 
diene (Figure 17.1) to the LUMO (z,*) of the dienophile. Note the phases of the 
orbitals that lead to the thermally induced reaction. This reaction is symmetry- 
allowed. 


symmetry-allowed 
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When а diene is excited by light, its HOMO becomes the л.* orbital, and 
this molecular orbital cannot overlap with the LUMO of the dienophile. The 
photo-induced [4 + 2] cyclization is therefore symmetry-forbidden. 


HOMO, т; 


——  noreaction 


symmetry-forbidden 


a LUMO, л* 


STUDY PROBLEMS 


17,5, Predict whether a [4 + 2] cycloaddition could be photo-induced if the 
dienophile. instead of the diene. were the excited reactant. Explain your answer. 


12,6. . Is the cycloaddition reaction in Problem 17.3 (page 785) a thermally induced or 
photo-induced reaction? Explain. 


SECTION 17.3. 


Electrocyclic Reactions 


An electrocyclic reaction is the concerted interconversion of a conjugated polyene 
and a cycloalkene. We will discuss primarily the cyclization. The reverse reaction, 
ring opening, proceeds by the same mechanism, but in reverse. 

Electrocyclic reactions are induced either thermally or photochemically: 


CH; CH=CH, CH 
Lo / ZN 
й heat or ^v € ok р [haath cays fare CH CH; 
CH CH—CH, CH CH СН, 
С BS YX 7 
Сн, cyclobutene CH=CH, CH 
1,3-butadiene 1,3,5-hexatriene 1,3-cyclohexadiene 


An intriguing feature about electrocyclic reactions is that the stereochemistry 
of the product is dependent on whether the reaction is thermally induced or 
photo-induced. For example, when (2£, 4Z)-hexadiene is heated, the cis-dimethyl- 
cyclobutene is the product. When the diene is irradiated with ultraviolet light, 
however, the trans-dimethylcyclobutene is formed. 
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CH, 


Р єн, 
жер: Ми cis-3,4-dimethyl- 
Ee ta ed ilis I-cyclobutene 
~ 
Реала е В H 


H 
trans-3,4-dimethyl- 
I-cyclobutene 


A. Cyclization of 4л systems 


A conjugated polyene yields a cycloalkene by the end-to-end overlap of its p 
orbitals and the simultaneous rehybridization of the carbon atoms involved in 
bond formation. 1,3-Butadiene, which has 47 pi electrons, is the simplest polyene; 
therefore, we will introduce the mechanism with this compound. 

The two lobes of each p orbital that will form the new sigma bond in cycliza- 
tion are either in "о or out of phase with each other: 


| 


С = 
(дє 
кр 
(Lo 


: 
8— 


in NE А n. f phase 


To form a new sigma bond, the existing С—С sigma bonds must rotate so 
that the p orbitals can undergo end-to-end overlap. For this to occur, the existing 
pi bonds must be broken. The energy for the pi-bond breakage and the bond 
rotation is supplied by the heat or ultraviolet light. To form a sigma bond, the pair 
of overlapping lobes of the two p orbitals must be in phase after rotation. 


There are two different ways in which the existing C— C sigma bonds can 
rotate in order to position thep orbitals for overlap. (1) The two C—C sigma bonds 
can rotate in the same direction (either both clockwise or both counterclockwise). 


This type of rotation is referred to as conrotatory motion. (2) The two C—C sigma 
bonds can rotate in different directions, one clockwise and one counterclockwise. 


forming a new sigma bond 
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This tvpe of rotation is disrotatory motion. 


disrotatory 


different directions 


Note that in the two preceding equations, the phases of the p orbitals in the 
two starting dienes are different. Therefore, the direction of rotation for symmetry- 
allowed overlap depends upon the phases of the p-orbitals just prior to cyclization. 
If the p orbitals are out of phase before rotation, then conrotatory motion brings 
them into phase after rotation. If the p orbitals are in phase before rotation, then 
disrotatory motion is required. To determine which diene system is present just 
prior to reaction, we must consider the phases of the р orbitals in the ground and 
excited states of the diene. 

When 1,3-butadiene is heated, reaction takes place from the ground state. 
The electrons that are used for sigma-bond formation are in the HOMO (л,, in 
this case). In Figure 17.1 (page 783), it can be seen that the pertinent p orbitals in 
this HOMO are out of phase with each other. For the new sigma bond to form, 
rotation must be conrotatory. Only in this way are the in-phase lobes allowed to 
overlap. (Disrotatory motion would not place the in-phase lobes together.) 


thermal 


fout of phase) >~ symmetry-forbidden 
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In photo-induced cyclization, the phases of the p orbitals of the HOMO 
(now лз*) are the reverse of that in thermal cyclization (see Figure 17.1); therefore, 
the symmetry-allowed rotation is disrotatory instead of conrotatory. 


gr symmetry-allowed 


photo 
(in phase) 


STUDY PROBLEM 


17.7. Draw structures showing conrotatory motion of 1,3-butadiene in the excited 
state (73*). Are the potential bonding p orbitals in a symmetry-allowed or 
symmetry-forbidden orientation? 


B. Stereochemistry of a 4n electrocyclization 


Let us return to (2£,4Z)-hexadiene to see why the cis-dimethylcyclobutene results 
from thermal cyclization and the trans-isomer results from photocyclization. 


H 
heat 
o ——% 
conrotatory CH 3 


CH; 


cls 
In the case of thermal cyclization, conrotatory motion is required for sigma- 
bond formation. Both methyl groups rotate in the same direction; as a result they 
end up on the same side of the ring, or cis, in the product. 
Just the reverse occurs in photochemical cyclization. In the disrotatory 
motion, one of the methyl groups rotates up and the other rotates down. The 
result is that the two methyl groups are trans in the product. 


H 
hv 
— ——ÀÀ 
disrotatory CH, 
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SAMPLE PROBLEMS 
Will the photochemical electrocyclie reaction of QE, 4£)-hexadiene yield cis- or 


trans-3,4-dimethyl- 1-eyclobutene? 


Solution: 2.4-Hexadiene is a 4 polyene; therelore, the photochemical 
electroeyelic reaction takes place by disrotatory motion. 


жы У ч 
disrotatory 
А 
CH, CH, 
(2EAE)-hexadiene cis-3,4-dimethyl-1-cyclobutene 


What is the structure and expected stereochemistry of the ring-opened product 
when trans-3,4-dimethyl-1-cyclobutene is heated? 


Solution: 


heat 


conrotatory 


CH, 


(2E.AE)-hexadiene 


C. Cyclization of (4л + 2) systems 


Figure 17.2 (page 784) shows the z orbitals of 1,3,5-hexatriene, a (4n 4- 2) polyene. 
In the HOMO of the ground state (73), the p orbitals that form the sigma bond in 
the cyclization are in phase. Therefore, the thermal cyclization proceeds by 
disrotatory motion. 


heat 


——————$ 
disrotatory 


When an electron of 1,3,5-hexatriene is promoted by photon-absorption, 
14* becomes the HOMO and thus the p orbitals in question become out of phase. 
Therefore, photo-induced cyclization proceeds by conrotatory motion. The 
symmetry-allowed reactions of this (4n + 2) system are just the opposite of those 
for 1,3-butadiene, a 4n system. 
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A summary of the types of motion to be expected from the different types 
of polyenes under the influence of heat and ultraviolet light is shown in Table 17.1. 


TABLE 17.1. Types of electrocyclic reactions 


Number of pi electrons Reaction Motion 

4n thermal conrotatory 
4n photochemical disrotatory 
(4n + 2) thermal disrotatory 
(4n 4- 2) photochemical conrotatory 


STUDY PROBLEM 


Predict the stereochemistry of the products. 


CH, 
= CH; 
„(С в И 
= CH, 
CH, 
„CHCH, 
(b) et ES, OHSGH;CHeSOHCH-SGHOH- нен Gilg 
GL; CH; 


The thermally induced electrocyclic reactions of (2£,4Z,6Z,8E)-deca- 
tetraene provide elegant examples of electrocyclic reactions. The starting 
tetraene forms a cyclooctatriene near room temperature. The tetraene is a 4n 
polyene; therefore, a conrotatory motion is the expected mode of cyclization. 
Indeed, the trans-dimethylcyclooctatriene is the product of this initial cyclization. 
When this cyclooctatriene is heated to a slightly higher temperature, another 
electrocyclic ring closure occurs. However, the cyclooctatriene is a (4n + 2) 
polyene; therefore, this thermally induced electrocyclic reaction proceeds with 
disrotatory motion, and a cis ring junction is formed. 


SE хан. ^ 
Н.Н 3  conrotatory disrotatory 
CH 
aw 4 бы, 


trans methyl groups cis ring junction 
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SECTION 17.4. 


Sigmatropic Rearrangements 


A sigmatropic rearrangement is a concerted intramolecular shift of an atom or a 
group of atoms. Two typical examples of sigmatropic rearrangements are: 


Cope rearrangement: 
io Go A~n CH, 
AN l : 


1.5-heptadiene transition state 3-methyl-1,5-hexadiene 


Claisen rearrangement: 


rp (CH, К зр он 


СН 
SOs CH — ee 
Se H,C7 Ss E 
H; 

ally! phenyl ether transition state 

eem OH 

pb CY 

< — 

CH,CH=CH, CHCH OH; 


o-allylphenol 


A. Classification of sigmatropic rearrangements 


Sigmatropic rearrangements are classified by a double numbering system that 
refers to the relative positions of the atoms involved in the migration. This method 
of classification is different from those for cycloadditions or electrocyclic reactions, 
which are classified by the number of z electrons involved in the cyclic transition 
state. 

The method used in classifying sigmatropic reactions is best explained by 
example. Consider the following rearrangement: 


numbering of the /^.CR; 

migrating group v CH.—CR 
2 2 3 

gu.—on-o,. ч” 


l 9 3 


CH,=CH—CR’, 


numbering of the 
alkenyl chain 


Both the alkenyl chain and the migrating group are numbered starting at 
the position of their original attachment. (Note that these numbers are not related 
to nomenclature numbers.) In the example, atom | of the migrating group ends up 
on atom 3 of the alkenyl chain. Therefore, this sigmatropic rearrangement would 
be classified as a [1,3] sigmatropic rearrangement. 

In a similar manner, the following reaction would be classified as a [1,7] 
sigmatropic shift. (In this example, there is no atom 2 in the migrating group.) 
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(UH H 


12 | 
CH,CH=CHCH=CHCH=cp, — JJ, сн,=снсн=снсн=снср, 


© © 


It is not always the first atom of the migrating group that becomes bonded to 
the alkenyl chain in the rearrangement. Consider the following example. In this 
case, atom 3 of the migrating group becomes bonded to atom 3 of the alkenyl 
chain. This is an example of a [3,3] sigmatropic rearrangement. 


Atom 3 of the migrating group 
becomes bonded to atom 3 of 


А the migrating group 


the alkenyl chain 


the alkenyl chain 


STUDY PROBLEM 
17.9. Classify the following rearrangements by the preceding technique: 


(a) the Claisen rearrangement 
(D CH,CH,CH=CHCH=CDCH, —— > 
CH,;,CH=CHCH=CHCHDCH, 


B. Mechanism of sigmatropic rearrangements 


Sigmatropic rearrangements of the [1,3] type are relatively rare, while [1,5] 
sigmatropic rearrangements are fairly common. We can use the frontier orbital 
approach to analyze these reactions and see why this is so. Let us first consider the 
following thermally induced sigmatropic rearrangement, which is a [1.3] shift: 


1 | 
CH,CH—cp, ““. сн,=снср, 

For the purpose of analyzing the orbitals, it is assumed that the sigma bond 
connecting the migrating group to its original position (the CH bond in our 
example) undergoes homolytic cleavage to yield two free radicals. This is not 
how the reaction takes place (the reaction is concerted), but this assumption does 
allow analysis of the molecular orbitals. 


H н: 
-CH,CH=CD, 


allyl radical 


hypothetical 
homolytic cleavage 


| 
CH,CH=CD, 


The products of the hypothetical cleavage are a hydrogen atom and an allyl 
radical, which contains three pi electrons and thus three z molecular orbitals. 
The z molecular orbitals of the allyl radical are shown in Figure 17.3. 
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FIGURE 17.3. The three x molecular orbitals of an allyl radical. (Note that л. contains 
one node at carbon 2.) 


The actual shift of the Н - could take place in one of two directions. In the 
first case, the migrating group could remain on the same side of the л orbital 
system. Such a migration is termed a suprafacial process. As you can see, in this 
system a suprafacial migration is geometrically feasible but symmetry-forbidden. 


Suprafacial migration: 


15 orbital of Н 


symmetry-forbidden 
(phases incorrect 
2 ---- а p e © for overlap) 
B А B В 
НОМО transition state 


Let us consider the second mode of migration. For a symmetry-allowed 
[1,3] sigmatropic shift to occur, the migrating group (Н -in our example) must shift 
by an antarafacial process—that is, it must migrate to the opposite face of the 
Orbital system. 


Antarafacial migration: 


symmetry-allowed, but 
geometrically difficult 


transition state 


While symmetry-allowed, a [1,3] antarafacial sigmatropic rearrangement of 
H is not geometrically favorable. Our conclusion is that [1,3] sigmatropic shifts 
should not occur readily. This conclusion is in agreement with experimental facts ; 
as we have mentioned, [1,3] sigmatropic rearrangements are rare. 


798 


17.10. 


Chapter 17 Pericyclic Reactions 


By contrast, [1,5] sigmatropic shifts are quite common. A simple example 
follows: 
1 | 
1,5 
CH,CH=CHCH=CD, im, CH,=CHCH=CHCD, 


If we again assume a homolytic bond cleavage for purposes of analysis, we 
must consider the л molecular orbitals of a pentadienyl radical, which contains 
five pi electrons. These orbitals are depicted in Figure 17.4. 


| № 
һ hetical x 
CH,CH=CHCH=CH, yes, | CH,CH=CHCH=CH, 


homolytic cleavage 
pentadienyl radical 


Considering the HOMO of this radical and the orbital symmetry, we can see 
that the [1,5] shift is both symmetry-allowed and suprafacial. 


The [1,5] suprafacial shift is 
symmetry-allowed. 


@ 
У 
9/38 
e) 
E 


STUDY PROBLEM 


Which of the following known sigmatropic rearrangements would proceed 
readily and which slowly? Explain your answers. 


H 
H 
(a) с а’ 
H^ `D is 


= Su. 
(b) EA Ces 
CH, CON 


SECTION 17.5. 


Pericyclic Reactions Leading to Vitamin D 


Pericyclic reactions are not merely laboratory curiosities; they are also observed 
in natural processes. As one example, let us briefly consider some of the trans- 
formations that occur in the vitamin D group of compounds. 
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— — HOMO 


FIGURE 17.4 The five z molecular orbitals of the pentadienyl radical. 


Vitamin D is essential for the proper growth of bones. Lack of vitamin D 
results in defective bone growth, a condition called rickets. Humans can obtain 
vitamin D by a number of routes. One is by the action of sunlight on a particular 
steroid, 7-dehydrocholesterol, which is found in the skin. (Steroids are discussed in 
Section 20.7.) This steroid undergoes a photo-induced electrocyclic ring opening 
to yield a triene. The triene, previtamin D, then undergoes a thermally induced 
[1.7] sigmatropic shift to yield vitamin О. . (The subscript 3 is used to differentiate 
this vitamin D from other structurally similar compounds with vitamin D activity.) 
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CH, 


hv 
———À 
conrotatory 
ring opening 


7-dehydrocholesterol previtamin D 


in the skin 


[1,7] shift 
—————3À 


vitamin D, 


Another source of vitamin D is irradiated ergosterol, which is commonly 
added to milk. The conversion of ergosterol to vitamin D, proceeds by the same 
series of reaction steps as the conversion of 7-dehydrocholesterol. 


ergosterol vitamin D; 
(calciferol) 


in yeast, soybean oil, 
and ergot (a fungus) 


STUDY PROBLEM 


17.11. Previtamin D can undergo both thermally induced and photo-induced 
electrocyclic ring-closure reactions. What will be the stereochemistry at positions 
9 and 10 of the resulting products? (See page 905 for the numbering of the 
steroid ring.) 
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Summary 


Pericyclic reactions are concerted, thermally induced or photo-induced reactions 
with cyclic transition states. Three types of pericyclic reactions are: 


Cycloaddition: 


heat 
295 or Av 
o ow, чы" 
m === 
е 
Sigmatropic rearrangement: 
бе heat 407 = 
| ————À : : ———— 
bod d B iss 


In the frontier orbital method of analyzing cycloaddition reactions, electrons 
are assumed to flow from the HOMO of one molecule to the LUMO of the other. 
If the phases of these orbitals are the same, the reaction is symmetry-allowed. If the 
orbital phases are opposite and show antibonding character, the reaction is 
symmetry -forbidden. Symmetry-allowed [2 + 2] cycloadditions are photo-induced, 
while [4 + 2] cycloadditions are thermally induced. 


5E 2 2 [4 + 2] 
\+ EL eI 


In electrocyclic reactions, p-orbital components of the HOMO undergo 
end-to-end overlap to form the new sigma bond. To do this, they must undergo 
conrotatory or disrotatory motion, which, in turn, determines the stereochemistry. 
A summary ofthe types of motion to be expected is shown in Table 17.1 (page 794). 

Sigmatropic rearrangements occur suprafacially or antarafacially, depending 
on the phases of the interacting orbitals in the HOMO of a hypothetical radical 
system. The geometry of the transition state determines whether the rearrange- 
ment proceeds readily or not. The classification of sigmatropic rearrangements 15 
discussed in Section 17.4A. 
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12:12; 


17:13. 


17.14. 


STUDY PROBLEMS 


Identify each of the following pericyclic reactions as being (1) a cycloaddition; (2) an 
electrocyclic reaction; ог (3) a sigmatropic rearrangement: 


% 
(а) 24^" ТЕ” iT 


CO,CH, CO,CH, 


heat 


(b) CH,— = —CH, — — CH,—CHCH;CH,CH—C, 


„CH; 
(с) —— CH,—CHCH-—C. 


(1) Draw the p-orbital arrays in the z molecular orbitals of the following ions. (2) Draw 
diagrams showing the occupied orbitals of the ground states and indicate the HOMO's. 
(See Figure 17.2, page 784, for an example.) 


(à CH,—CHCHCH, (b) CH,—CHCHCH, 
(c) CH,CH=CHCH=CHCHCH, 


Classify each of the following cycloadditions as [2 + 2], [4 + 2], etc.: 


CH, 
(à 2CH,=C=CH, — ible 


CH, 


So 


(c) (у= + CH,0,CC-CCO,CH, —— > D: CO,CH, 


COCH, 


17.16. 


17.349. 


17.20. 


17.21. 


Study Problems 803 


. Which of the following types of cycloadditions would you predict to proceed easily upon 


heating? 


(а) [6 4 2] (0) [6+ 4] (c) [8 + 2] (d) [8 + 4] 


1,2-Diphenyl-1-cyclobutene undergoes a photochemical dimerization. What is the structure 
of the dimer? (Include the stereochemistry in your answer.) 


. Suggest synthetic routes to the following compounds from monocyclic or acyclic starting 


materials: 


СОРСУН, СА, 


- (I) Tell whether each of the following dienes ог trienes would undergo conrotatory or 


disrotatory motion in a cyclization reaction. (2) What product would be observed? 
(Include stereochemistry where appropriate.) 


2 ' 
(а) уа heat 
Su. 
2 К on | 
= ma C LN (d) SS Шс 
ES 


Predict the electrocyclic product and its stereochemistry: 


CH; 
c €. A cm 


CH,CH, 


S 
"OC 
22 
г а a A N | г) 
(с) Ma. heat | (d) а (е) . heat | 
Wo FF ХИ 


The following compounds both undergo photo-induced electrocyclic reactions. What аге 
the structures and stereochemistry of the products? 


2 
s CO «С 
Su 


How would you carry out the following conversions? 


CH, 
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CH, H 
Ir 
ZH са, 
(Ь) = 
Se aH 
CH; CH; 


Classify each of the following sigmatropic rearrangements as [1,3], [3,3], etc. 


HS heat 


o DER 
“Н 

(b) Q heat V 
H^ CH, 


сн, 


CH=CHCH=CH, ... JCHCH—CHCH,D 
(c) каш 
OD Xo 


Predict the product or products of the sigmatropic rearrangement of 
7,7-dideuterio-1,3,5-cycloheptatriene. 


Explain the following observation: 


f N Ba _ He / eg 
ome ы. Y = 


D С... Н.С Н 
CH 3 
Шеф Bh Lo GE Dc QM 


Should you use thermal induction or photo-induction to carry out the following reactions? 


H H 
О 
o ОЕ — (= 
О O 


H 
CHEECH 
(b) GH, GH,C=CCH,CH, =—= 


Снн, | 


| 
When a mixture of quinone (page 486) and cyclopentadiene is heated, the two compounds 


undergo an addition reaction. When the product of this addition is exposed to sunlight, it 
undergoes isomerization. What are the structures of the addition product and its isomer? 


Study Problems 805 


17.27. Suggest mechanisms for the following reactions: 


- CH,0,C 
_CO,CH,; CH;0,C. 7 
heat 
(a) S - 
CH, 


ВЕ. 


CH,—CH'*CH, OH 
CH, 
17.28. 


Suggest synthetic routes to the following compounds from acyclic or monocyclic starting 
materials: 


CN 
- NC 
(c) (d) / UN 


N 
CN 


CO,CH, 
17.29. 


Complete the following equations, showing the stereochemistry of the products: 
hy 
"res M 
О 
CI CI 


(b) + CH,=C=CcH, —EL, 
Cl cl 
cf ‘a 


h 
(c) d TE hiya 


48 
(d) 5 + trans-C;H,0,;CCH—CHCO,;C,H; 
< 


(е) + CH,0,CC=CCO,CH, 


һеа! 


һеа! 


—— 


СНАРТЕК 18 


Carbohydrates 


(090 are naturally occurring compounds of carbon, hydrogen, and 
oxygen. Many carbohydrates have the empirical formula CH ;O ; for example, 
the molecular formula for glucose is С.Н, 206 (six times CH ,O). These compounds 
were once thought to be ‘hydrates of carbon," hence the name carbohydrates. 
In the 1880's, it was recognized that the ‘hydrates of carbon" idea was a miscon- 
ception and that carbohydrates are actually polyhydroxy aldehydes and ketones 
or their derivatives. 

The carbohydrates vary dramatically in their properties. For example, 
sucrose (table sugar) and cotton are both carbohydrates. One of the principal 
differences between various types of carbohydrates is the size of the molecules. 
The monosaccharides (often called simple sugars) are the simplest carbohydrate 
units; they cannot be hydrolyzed to smaller carbohydrate molecules. Figure 18.1 
shows dimensional formulas and Fischer projections for five of the most important 
monosaccharides. (You may find it helpful to review Fischer projections in Section 
4.6С.) In the Fischer projections for carbohydrates, the hydrogen atoms attached 
to the chiral carbon atoms are not always shown, as you can see in the figure. 

Monosaccharides can be bonded together to form dimers, trimers, etc. and, 
ultimately, polymers. The dimers are called disaccharides. Sucrose is a disaccharide 
that can be hydrolyzed to one unit of glucose plus one unit of fructose. The mono- 
saccharides and disaccharides are soluble in water and are generally sweet-tasting. 

н.о. H` 


| glucose + 1 fructose 
heat 


Ї sucrose 
a disaccharide 


Carbohydrates composed of two to eight units of monosaccharide are 
referred to as oligosaccharides (Greek oligo-, “а few"). If more than eight units of 
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| к CHOH CH,OH 
HP Lon == C=O C=O 
но=с—=н жи 
H--C—OH Ip e— Onl 


H=C—OH : НЕ (C Oo 


D-glucose D-fructose 


| 
hi0 —OH 


| 
H=C—OH H-—C—OH 


HeC—OH H—C-—OH 
CH,OH CH,OH CH,OH 


D-ribose 2-deoxy-D-ribose 


FIGURE 18.1. Some important monosaccharides. 


monosaccharide result from hydrolysis, the carbohydrate is a polysaccharide. 
Examples of polysaccharides are starch, found in flour and cornstarch, and 
cellulose, a fibrous constituent of plants and the principal component of cotton. 


2 


starch or cellulose 
heat 


many units of glucose 


polysaccharides 


In this chapter, we will consider first the monosaccharides and the conven- 
tions used by carbohydrate chemists. Then we will discuss some disaccharides, and 
finally, a few polysaccharides. 
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SECTION 18.1. 


Some Common Monosaccharides 


Glucose, the most important of the monosaccharides, is sometimes called blood 
sugar (because it is found in the blood), grape sugar (because it is found in grapes), 
or dextrose (because it is dextrorotatory). Mammals can convert sucrose, lactose 
(milk sugar), maltose, and starch to glucose, which is then used by the organism 
for energy or stored as glycogen (a polysaccharide). When the organism needs 
energy, the glycogen is again converted to glucose. Excess carbohydrates can be 
converted to fat; therefore a person can become obese on a fat-free diet. Carbo- 
hydrates can also be converted to steroids (such as cholesterol) and, to a limited 
extent, to protein. (А source of nitrogen is also needed in protein synthesis.) 
Conversely, an organism can convert proteins and fats to carbohydrates. 


fats 


| 


О 


CO, + Н.О + energy ———— glucose = CH,C— ==> (proteins) 


acetyl groups 
in acetylcoenzyme A 


| 


cholesterol 
and other steroids 


Fructose, also called /evulose because it is levorotatory, is the sweetest- 
tasting of all the sugars. It occurs in fruit and honey, as well as in sucrose. Galactose 
is found, bonded to glucose, in the disaccharide lactose. Ribose and deoxyribose 
form part of the polymeric backbones of nucleic acids. The prefix deoxy- means 
"minus an oxygen"; the structures of ribose and deoxyribose (Figure 18.1) 
are the same except that deoxyribose lacks an oxygen at carbon 2. 


SECTION 18.2. 


Classification of the Monosaccharides 


The suffix -ose is used in systematic carbohydrate nomenclature to designate 
a reducing sugar, a sugar that contains an aldehyde group or an «-hydroxyketone 
grouping. Reducing sugars will be discussed in Section 18.6. Many of the oligo- 
saccharides and polysaccharides that are not reducing sugars have trivial names 
ending in -ose (for example, sucrose and cellulose). In this chapter, we will use 
both systematic and trivial nomenclature for carbohydrates; our emphasis will be 
on those names that are in common usage. 

Monosaccharides that contain aldehyde groups are referred to as aldoses 
(aldehyde plus -05е). Glucose, galactose, ribose, and deoxyribose are all aldoses. 


18.1. 


Configurations ot the Monosaccharides Section 18.3. 809 


Monosaccharides, such as fructose, with ketone groups are called ketoses (Aefone 
plus -ose). 

The number of carbon atoms in a monosaccharide (usually three to seven) 
may be designated by tri-, tetr-, etc. For example, a triose is a three-carbon mono- 
saccharide, while a hexose is a six-carbon monosaccharide. Glucose is an example 
of a hexose. These terms may be combined. Glucose is an aldohexose (six-carbon 
aldose), while ribose 15 an aldopentose (five-carbon aldose). Ketoses are often 
given the ending -ulose. Fructose is an example of a hexulose (six-carbon ketose). 


STUDY PROBLEM 


Classify each of the following monosaccharides by the preceding system: 


CH;OH 
CHO im 
(a) он (b) OH (c) galactose (Figure 18.1) 
OH OH 
CHOH CHOH 
erythrose ribulose 


SECTION 18.3. 


Configurations of the Monosaccharides 


As may be seen from the five monosaccharides in Figure 18.1, monosaccharides 
are quite similar to one another in structure. Some monosaccharides are struc- 
turally different; for example, glucose is an aldehyde and fructose is a ketone. 
Other common monosaccharides are diastereomers (nonenantiomeric stereo- 
isomers) of one another ; for example, glucose and galactose are epimers, diastereo- 
mers that differ in configuration at only one of their chiral carbon atoms. 


A. The bD and L system 


In the late 19th century, it was determined that the configuration of the last chiral 
carbon in each of the naturally occurring monosaccharides is the same as that of 
(+)-glyceraldehyde. Today we call that configuration the (R)-configuration, but 
chemists at that time had no way to determine the absolute configuration around 
a chiral carbon atom. Instead, chemists devised the D and L system for designating 
relative configurations. (Do not confuse D and L with d and /, sometimes used to 
refer to the direction of rotation of the plane of polarization of plane-polarized 
light; see Section 4.7A.) 

In the D and L system, (+ )-glyceraldehyde was arbitrarily assigned the con- 
figuration with its OH on carbon 2 to the right in the Fischer projection (an 
assumption later shown to be correct). A monosaccharide is a member of the 
D-series if the hydroxyl group on the chiral carbon farthest from carbon 1 is also 
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on the right in the Fischer projection. (Almost all naturally occurring carbo- 
hydrates are members of the p-series.) In addition, each monosaccharide was given 
its own name. For example, the following two diastereomeric aldopentoses are 
named p-lyxose and p-ribose. 


CHO CHO 
CHO HO OH 
OH HO OH 
CH,OH OH OH 
CHOH CH;OH 
D-( + )-glyceraldehyde D-lyxose D-ribose 


Ifthe OH on the last chiral carbon is projected to the /eft, then the compound 
is a member of the L-series. The following two examples are the enantiomers of 
D-lyxose and D-ribose. 


CHO CHO 
OH HO 
OH HO 
HO HO 
CH,OH CH,OH 
L-lyxose L-ribose 


STUDY PROBLEM 


18.2. Assign each chiral carbon atom an (А) or (S) designation and tell whether each 
compound is D or L: 


CH, 
COH CO,H = 
ay on (b) not © HO | 
CH; CH, OH 
CH,OH 


B. Relating configurations 


We have mentioned that early chemists could not determine the absolute con- 
figurations of chiral carbons. Instead, configurations relative to that of (+)- 
glyceraldehyde were determined. How are other compounds related to glycer- 
aldehyde? One example of determining a relative configuration follows. If the 
aldehyde group of p-glyceraldehyde is oxidized to a carboxylic acid, the product, 
glyceric acid, necessarily has the same configuration around the chiral carbon as 
that in D-glyceraldehyde. The product, even though levorotatory, is still a member 
of the р-зепез. 
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CHO CO;H no change in 
+ [0] 2 .— configuration 
CH,OH CH,OH 


D-( + )-glyceraldehyde D-(— )-glyceric acid 


The configurations of the tartaric acids relative to D-glyceraldehyde were 
established in 1917 by the sequence shown in Figure 18.2, which produced two of 
the three isomers of tartaric acid. 


D-( + )-glyceraldehyde 


HCN, then separate diastereomers 


CN new chiral CN 
| hae carbon TO | 


H—C—OH HO—C-—H 
H—C—OH H=C—OH 
CH,OH CH,OH 
о al Ba(OH); 
се. я 
H—C—OH HO—C—H 
H—C—OH H—C—OH 
CH,OH CH,OH 


2 2 


| 


H*—C—OH 


нон 
CO,H 


meso-tartaric acid 


|" 


CO,H 


НО» С-Н 
H=C~—OH 


CO,H 
D -( —)-tartaric acid 


FIGURE 18.2. Determining the relative configurations of tartaric acids. 
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In the first step of the sequence, D-glyceraldehyde is treated with HCN to 
yield a mixture of cyanohydrins. A new site of chirality is introduced in this step, 
and both diastereomers are formed. The diastereomers are separated; then, in 
the second step, each diastereomeric cyanohydrin is hydrolyzed. 

In the third step, the terminal CH,OH group is oxidized to yield two tartaric 
acids. Carbon 3 of each of these tartaric acids has the same configuration as carbon 
2 of D-glyceraldehyde because the series of reactions has not affected the con- 
figuration around that carbon. However, the configurations around carbon 2 in the 
tartaric acids are different. One of the tartaric acids obtained from this synthesis 
does not rotate plane-polarized light. This is the meso isomer, the one with an 
internal plane of symmetry. The other tartaric acid obtained from the synthesis 
rotates plane-polarized light to the left; it must have the second structure as 
follows: 


CO,H CO;H 
OH same configuration HO 
ел RT 11171 Ц 
OH of p-glyceraldehyde OH 
CO,H CO;H 
meso-tartaric acid D-( — -tartaric acid 


STUDY PROBLEM 


Starting with L-(—)-glyceraldehyde, what tartaric acid(s) would be produced in 
the preceding sequence? 


C. Configurations of the aldohexoses 


Glucose has six carbon atoms, four of which are chiral (carbons 2, 3, 4, and 5). 
Because the terminal carbon atoms of glucose have different functionality, there 
can be no internal plane of symmetry ; therefore, this compound has 2°, or sixteen, 
stereoisomers. Only half of these sixteen stereoisomers belong to the D-series and 
are found in nature. Of these, only D-glucose, D-galactose, and D-mannose occur in 
abundance. 


2, CHOH 


(3 CHOH four chiral carbons: 
CHOH 16 stereoisomers 


(ss) 


(©) 


СНОН 


(с) 


CH,OH 


The Fischer projections of all the D-aldoses, from D-glyceraldehyde through 
the D-aldohexoses, are shown in Figure 18.3. Going from the triose, D-glyceralde- 
hyde, to thetetroses, one carbon is added to the * top ” of the molecule in the Fischer 
projection. The addition of one more carbon creates a new chiral carbon in each 
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CHO 
OH 


CH,OH 
D-glyceraldehyde 


CHO CHO 
—I—OM HO 
т он 
CH;OH CH;OH 
D-erythrose D-threose 
CHO CHO CHO CHO 
E "Ru HO OH HO 
—— OH OH HO HO 
9H — он OH OH 
CH,OH CH,OH CH;OH CH;OH 
D-nbose D-arabinose D-xylose D-lyxose 
CHO CHO CHO CHO CHO CHO CHO CHO 
——он HO OH HO OH HO OH HO 
rum vt OH HO HO OH OH HO HO 
— он EB OH OH HO HO HO HO 
E | H OH OH OH OH OH OH 
CH;OH CH;OH CH;OH CH;OH CH;OH CH;OH CH;OH CH;OH 
D-allose D-altrose D-glucose D-mannose D-gulose D-idose D-galactose p-talose 


FIGURE 18.3. Thep-aldoses. 


step down in the figure. Therefore, D-glyceraldehyde leads to a pair of tetroses, 
each tetrose leads to a pair of pentoses, and each pentose leads to a pair of hexoses. 


STUDY PROBLEMS 


18.4. How many chiral carbon atoms does each of the following aldoses have? 


(a) D-talose (b) L-allose (c) D-arabinose 


18.5. There are eight D-aldohexoses and also eight L-aldohexoses. Write the Fischer 
projections of (a)L-glucose, and (Ъ)1-таппозе. 


18.6. What is the name of the aldohexose in which only the OH at carbon 5 has the 
opposite configuration from that of D-glucose? 
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SECTION 18.4. 


Cyclization of the Monosaccharides 


Glucose has an aldehyde group at carbon | and hydroxyl groups at carbons 
4 and 5 (as well as at carbons 2, 3, and 6). A general reaction of alcohols and alde- 
hydes is that of hemiacetal formation (see Section 11.8). 


n OH 
H* 
RCO + KOH TE =" KON — OR: 


a hemiacetal 


In water solution, glucose can undergo an intramolecular reaction to yield 
cyclic hemiacetals. Either five-membered ring hemiacetals (using the hydroxyl 
group at carbon 4) or six-membered ring hemiacetals (using the hydroxyl group at 
carbon 5) can be formed. 


A new chiral carbon is formed 
upon cyclization 


(E 
CHO OH HO 
OH OH O OH O 
carbon 4 НО HO HO 
D “ор t 
OH 
OH OH OH 


CHOH CHOH CHOH 


D-glucose Fischer projections of the 
hemiacetal five-membered rings 


CHO OH HO 
OH OH OH 
O O 
HO — | (О) x HO 
carbon 5 OH 5 OH OH 
bcm OH 


CH,OH CH,OH CH,OH 


D-glucose Fischer projections of the 
hemiacetal six-membered rings 


In the Fischer projections for the cyclic hemiacetals, note that carbon 1 (the 
aldehyde carbon), which is not chiral in the open-chain structure, becomes chiral 
in the cyclization. Therefore, a pair of diastereomers results from the cyclization. 

Because all the hemiacetal structures are in equilibrium with the aldehyde 
in water solution, they are also in equilibrium with each other. 


5-membered cyclic hemiacetal = glucose «===  6-membered cyclic hemiacetal 


(two diastereomers) (open-chain) (two diastereomers) 


18.7. 
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STUDY PROBLEM 


Write equations for the cyclization of 2-deoxy-D-ribose. Use Fischer projections, 
and show the formation of both the five- and six-membered cyclic hemiacetals. 


A. Furanose and pyranose rings 


A monosaccharide in the form of a five-membered ring hemiacetal is called 
a furanose. Furan- is from the name of the five-membered oxygen heterocycle 
furan. Similarly, the six-membered ring form is called a pyranose after pyran. The 
terms furanose and pyranose are often combined with the name of the mono- 
saccharide — for example, p-glucopyranose for the six-membered ring of D-glucose, 
or p-fructofuranose for the five-membered ring of fructose. 


о б 


furan ругап 


Of the two ring systems for glucose, the six-membered cyclic hemiacetal, ог 
glucopyranose, is favored; we will emphasize this ring size in our discussion. Part 
of the reason that glucose preferentially forms the six-membered ring in solution 
is that the bond angles and staggering of attached groups are favorable in the chair 
form of this ring. Even though the pyranose ring of a monosaccharide may pre- 
dominate in equilibrium in water, it may be the furanose ring that is incorporated 
enzymatically into natural products. For example, in ribonucleic acids, ribose is 
found as a furanose, and not as a pyranose. 


B. Anomers 


To yield a pyranose, the hydroxyl group at carbon 5 of glucose attacks the aldehyde 
carbon, carbon 1. A hemiacetal group is formed. Two of the most important 
consequences of this cyclization reaction are that a new chiral carbon is formed 
(carbon 1) and that a pair of diastereomers results. These diastereomers, mono- 
saccharides that differ only in the configuration at carbon 1, are called anomers 
of each other. The carbonyl carbon in any monosaccharide is the anomeric carbon. 
This is the carbon that becomes chiral in the cyclization reaction. 

In the Fischer projection for one anomer of D-glucopyranose, the hydroxyl 
group at carbon 1 is projected to the eft ; this anomer is called B-p-glucopyranose, or 
simply B-p-glucose. The anomer in which the hydroxyl group at carbon | is pro- 
jected to the right is called a-p-glucopyranose, or &-p-glucose. (In the L-series, the 
В-апотет is the one with the OH at carbon 1 on the right; therefore, f-L-gluco- 
pyranose is the enantiomer of fj-D-glucopyranose.) 


m да _ | а 
Ho | CHO OH 
—-0H | ——он он 
О 
MO meam HO 
— 9H — ОН ОН 
Бла; — on 
CH;OH CH;,OH CH;OH 
B-p-glucopyranose open-chain z-D-glucopyranose 
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STUDY PROBLEM 


Write Fischer projections for the two D-ribofuranoses and label each as ж or р. 


C. Haworth and conformational formulas 


In aqueous solution, only about 0.02 % of glucose exists in the open-chain aldehyde 
form; the rest exists as cyclic hemiacetals. While the Fischer projection is adequate 
to show the configurations about the chiral carbons of a carbohydrate in its open- 
chain form, it is a poor representation of the cyclic structures. To better represent 
the cyclic structures of the sugars, Haworth perspective formulas were developed. 
With a Haworth formula, it is clear that the hydroxyl groups (or other groups) at 
the chiral carbons are actually cis and trans to one another on the ring. Also, 
the Haworth formula eliminates the artificial, curved bonds to the ring oxygen 
that are necessary in a Fischer projection of a cyclic monosaccharide. 


2) 
CH;OH anomeric carbon 
D к 
Г 4 
efr 


Haworth 


2-D-glucopyranose 


By convention, a Haworth formula is drawn with the ring oxygen on the far 
side of the ring and the anomeric carbon on the right. The terminal CH;OH group 
is positioned above the plane of the ring in the p-series and below the plane of the 
ring in the L-series. As in Fischer projections, hydrogen atoms are not usually 
shown. 


kan de 2ОН down = Г. 


Чч Um а оа atom 
Ир = n po O 
CH,OH 


In a Haworth formula of a D-sugar, the structure in which the anomeric OH 
is projected down (trans to the terminal CH,OH) is the a-anomer ; the structure in 
which the anomeric OH is projected up is the В-апотег. 


CH,OH CH,OH E E 


x. D 
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Note that any group that is to the right in the Fischer projection is down in the 
Haworth projection, and any group that is to the /ef? in the Fischer projection 1$ 
up in the Haworth formula. 

The flat Haworth formula is not an entirely correct representation of a 
ругапозе ring (although it is fairly correct for the more planar furanose ring). А 
pyranose, like cyclohexane, exists primarily in the chair form, as the following con- 
formational formula shows. In this chapter, we will use both Haworth formulas 
and conformational formulas. 


CH,OH 
OH | т 
HO Гон OH 
OH OH 


x-D-glucopyranose 


If an OH is down in a Haworth formula, it is also down (below the plane of 
the ring) in the conformational formula. Similarly, if an OH is up in the Haworth 
formula, it is also up in the conformational formula. As for any substituted six- 
membered ring, the ring assumes the conformation in which the majority of the 
groups are equatorial. 


STUDY PROBLEM 


Draw a conformational formula of x-D-glucopyranose in which the CH,OH is 
in an axial position. 


SAMPLE PROBLEMS 


Although fructose can form a six-membered cyclic hemiketal, in sucrose it is 
found in the furanose form. Draw Fischer projections and Haworth formulas 
for x- and f-p-fructofuranose. (Nore: The CH OH group on the keto carbon 
of a sugar is treated in the formula just like the H on an aldehyde carbon.) 


Solution: 
Fischer: 
E B 
fags 
(dO Госу вон НО CH;OH 
Bem x HO—— О НО О 
| => E 
кєй ОН OH OH 
—— OH 
CH,OH CH,OH CH,OH 


D-fructose 
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up — В 
Haworth: HOCH, HOCH, 
О CHOH | „О. OH 


HO > < ноя 
OH И CHOH 


ОН ] OH 


down = x 


Dice eR 


Draw the Haworth formula and the Fischer projection for 
2-deoxy-fi-b-ribofuranose. 


Solution: EN 
HO 


| | 
CH; О 
— 0) 
ОН 
Haworth 
CH,OH 
Fischer 


STUDY PROBLEM 


18.10. Draw the Fischer, Haworth, and conformational formulas for the anomers of 
D-galactopyranose. 


D. Mutarotation 


Pure glucose exists in two crystalline forms: «-D-glucose and /-D-glucose. Pure 
x-D-glucose has a melting point of 146°C. The specific rotation of a freshly pre- 
pared solution is + 112°. Pure fj-p-glucose has a melting point of 150°C and a 
specific rotation of + 18.7°. The specific rotation of a solution of either x- or f-D- 
glucose changes slowly until it reaches an equilibrium value of + 52.6°. This slow 
spontaneous change in optical rotation was first observed in 1846 and is called 
mutarotation. 

Mutarotation occurs because, in solution, either х- or fj-D-glucose undergoes 
a slow equilibration with the open-chain form and with the other anomer. Regard- 
less of which anomer is dissolved, the result is an equilibrium mixture of 64% 
B-p-glucose, 36% a-D-glucose, and 0.027; of the aldehyde form of D-glucose. The 
final specific rotation is that of the equilibrium mixture. 


CH,OH CH;OH CH;OH 
О H 
н.о HU н.о оон 
OH ЕЕЕ OH =O == OH 
HO OH HO HO 
OH OH OH 
x-D-glucose D-glucose B-p-glucose 


36% 0.02% 64% 
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Note that the equilibrium mixture of the anomers of D-glucose contains a 
greater percentage of the f-anomer than of the x-anomer. The reason is that the f- 
anomer is the more stable of the two. From our discussion of conformational 
analysis in Chapter 4, this is the expected result. The hydroxyl group at carbon 1 
is equatorial in the f-anomer, but axial in the x-anomer. 


equatorial 


CH;OH.O CH,O} 


and favored 


HO 


z-D-glucose B-p-glucose 


Other monosaccharides also exhibit mutarotation. In water solution, the 
other aldoses (if they have a 5-hydroxyl group) also exist primarily in the pyranose 
forms. However, the percentages of the various species involved in the equilibrium 
may vary. For example, the equilibrium mixture of D-ribose in water is 56% 
B-pyranose, 20% х-ругапоѕе, 18% B-furanose, and 6% a-furanose (plus a trace of 
the open-chain, aldehyde form). 


| E OH OH OH OH 
~ ОН B-Dp-ribopyranose 2-D-ribopyranose 
56% 20% 


——он н.о 
=. HOCH, оон HOCH, yO 


CH;OH 
КЕ 3m 
D-ribose ÓH 
OH OH OH OH 
fl -D-ribofuranose x-D-ribofuranose 
18% 6% 


Although the В-апотег of the pyranose rings is generally the more stable 
anomer, this is not always the case. For example, x-b-mannose is more stable than 
its В-апотег and predominates in an equilibrium mixture. This apparent anomaly, 
termed the anomeric effect, arises from interactions between the polar substituents 
on the ring. 

Because of the facile conversion in water of the hemiacetal OH group between 
z and В, it often is not possible to specify the configuration at this carbon. For this 
reason, we will sometimes represent the hemiacetal OH bond with a squiggle, 
which means the structure may be a or f or a mixture. 


O 
OH x or В or a mixture 
Ra 1 


820 Chapter 18 Carbohydrates 


SECTION 18.5. 


Glycosides 


When a hemiacetal is treated with an alcohol, an acetal is formed (Section 11.8). 
The acetals of monosaccharides are called glycosides and have names ending in 


-oside. 
mu ree 
H* А 
RCHOR + КОН = RCHOR + H,O 
a hemiacetal an acetal 
CH,OH CH,OH 
OH ТОШ ОНИ == ОН + HO 
НО НО 
ОН ОН 
Ё-о-р1исоругапозе methyl fj-D-glucopyranoside 


a glycoside 


The glycoside carbon (carbon 1 in an aldose) is easy to recognize because it 
has two OR groups attached. 


two OR groups 


two OR groups OCH, О ГАЙ 
| OCH; 
CH,CHOCH, 


an acetal a glycoside 


Although a hemiacetal of a monosaccharide is in equilibrium with the open- 
chain form and with its anomer in water solution, an acetal is stable in neutral or 
alkaline solution. Therefore, a glycoside is not in equilibrium with the aldehyde 
or with its anomer in water solution. However, glycosides may be hydrolyzed to 
the hemiacetal (and aldehyde) forms by treatment with aqueous acid. This reaction 
is simply the reverse of glycoside formation. 


CH;OH CH;OH 
О, OCH; Y О 
ОН + IB Gt OH OH + СН.ОН 
НО НО 
ОН ОН 
methyl #-р-р1исоругапов1де D-glucopyranose 


Disaccharides and polysaccharides are glycosides; we will discuss these 
compounds later in this chapter. Other types of glycosides are also common in 
plants and animals. Amygdalin and laetrile (Section 11.9) are glycosides found in 
the kernels of apricot pits and bitter almonds. Vanillin (used as vanilla flavoring) is 
another example of a structure found in nature as a glycoside, in this case, as a 
f/-b-glucoside. In these types of glycosides, the nonsugar portion of the structure 
is called an aglycone. Vanillin is the aglycone in the following example. 
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CH,O О 
Ho 


i > 
H o j CH HO ' CH 


vanillin 


vanillin fj-b-glucoside 
(glucovanillin) 


SECTION 18.6. 


Oxidation of Monosaccharides 


An aldehyde group is very easily oxidized to a carboxyl group. Chemical tests 
for aldehydes depend upon this ease of oxidation (Section 11.15). Sugars that 
can be oxidized by such mild oxidizing agents as Tollens reagent, an alkaline solu- 
tion of Ag(NH,); `, are called reducing sugars (because the inorganic oxidizing 
agent is reduced in the reaction). The cyclic hemiacetal forms of all aldoses are 
readily oxidized because they are in equilibrium with the open-chain aldehyde 


form. 
CH;OH CH,OH CH,OH 
О Te OH 7 OH 
HO | HO ой НО silver 
S iun ÓH mirror 


D-glucopyranose 


a reducing sugar 


Although fructose is a ketone, it is also a reducing sugar. 


ia ү 
C=O CHOH 
HO хн, HO 
А + Ар} 
ОН ОН 
| ОН ОН 
CH ,OH CH;OH 
D-fructose 


a reducing sugar 


Thereason that fructose can be oxidized so readily isthat, in alkaline solution, 
fructose is in equilibrium with the aldehyde through an enediol tautomeric inter- 
mediate. (In Section 11.17A, a similar enzymatic isomerization was discussed.) 


^ H OH fi HOH " HO 
ү =0 n OH = ==” CHOH 
| 
a ketose an enediol an aldose 
intermediate 
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In glycosides, the carbonyl group is blocked. Glycosides are nonreducing 


sugars. 
О, OCH, 
Ag(NH4),* Р 
БАРАНЫ: € noeaction 
OH 


a glycoside 


A.  Aldonic acids 


The product of oxidation of the aldehyde group of an aldose is a polyhydroxy 
carboxylic acid called an aldonic acid. Although Tollens reagent can effect the con- 
version, a more convenient and less expensive reagent for the synthetic reaction is 
a buffered solution of bromine. 


CHO CO;H 
OH OH 
HO Br, t mO HO 
————— — 
OH P OH 
OH OH 
CH,OH CH;OH 
D-glucose D-gluconic acid 


an aldonic acid 


In alkaline solution, the aldonic acids exist as open-chain carboxylate ions. 
Upon acidification, they quickly form lactones (cyclic esters), just as any у- or 
ó-hydroxy acid would (Section 13.6). Most aldonic acids have both у and ó hydroxyl 
groups, and either a five- or a six-membered ring could be formed. The five- 
membered rings (y-lactones) are favored in these cases. 


OH 
HO -H,O 
<= 
OH 
OH 
CH,OH 
D-gluconic acid C=0 
OH Ò CH,OH 
HO or но О 
НО 
ОН О 
OH 
CH,OH 


Fischer projection 
of lactone 


18.11. 
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STUDY PROBLEM 


Predict the product (if any) of bromine oxidation of each of the following 
compounds: 

CHO 
(a) — он 

CHOH 


HOCH, „О OH 
(b) 


B.  Aldaric acids 


Vigorous oxidizing agents oxidize the aldehyde group and also the terminal 
hydroxyl group (a primary alcohol) of a monosaccharide. The product is a poly- 
hydroxy dicarboxylic acid called an aldaric acid. 


CHO COH 
OH OH 
HO HO 
m, oxidized 
OH Ag OH 
OH OH 
CH;OH CO;H 
D-glucose D-glucaric acid 


an aldaric acid 
The aldaric acids played an important role in the structure elucidation of the 
sugars (Section 18.9). 
STUDY PROBLEM 


Which of the aldohexoses form meso-aldaric acids upon oxidation with hot 
nitric acid? 
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C.  Uronic acids 


Although it is not easy to do in the laboratory, in biological systems the terminal 
СН,ОН group may be oxidized enzymatically without oxidation of the aldchyde 
group. The product is called a uronic acid. 


CHOH 
oxidized "m CH OH CO,H 
O O OH 
[0] - О 
ОН ОН Ern OH OH or HO 

HO HO OH 

OH OH 

D-glucose p-glucuronic acid 
a uronic acid CO,H 


Fischer projection 


Glucuronic acid is important in animal systems because many toxic sub- 
stances are excreted in the urine as glucuronides, derivatives of this acid. Also, in 
plant and animal systems, D-glucuronic acid may be converted to L-gulonic acid, 
which is used to biosynthesize L-ascorbic acid (vitamin C). (This last conversion 
does not take place in primates or guinea pigs, which require an outside source of 
vitamin C.) The fact that a compound of the p-series becomes a compound of the 
L-series is not due to a biochemical change in configuration; rather, the change 
arises from the change in the numbering of the carbons, as may be seen in the follow- 
ing equation. 


carbon 1 reduced 


CHOH CH;OH CH;OH 
ae L-Series 
OH OH OH 
O 
E) iH) HO [0] 
OH OH COH 
REO. | OH | бон 
new carbon 1 | 
CO,H ^— CO,H C=O 
p-glucuronic acid L-gulonic acid L-ascorbic acid 
(vitamin C) 


SECTION 18.7. 


Reduction of Monosaccharides 


Both aldoses and ketoses can be reduced by carbonyl reducing agents, such 
as hydrogen and catalyst or a metal hydride, to polyalcohols called alditols. The 
suffix for the name of one of these polyalcohols is -itol. The product of reduction 
of D-glucose is called D-glucitol, or sorbitol. 
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—— redit d 
CH CH,OH' 
—— OH ЕН OH 
Н. 
НО. мня ЧОУ 
— ОН -F OH 
зе OH ОН 
CH,OH СН.ОН 
D-glucose D-glucitol 
(sorbitol) 


Natural p-glucitol has been isolated from many fruits (for example, cherries, 
plums, apples. pears. and mountain ash berries) and from algae and seaweed. 
Synthetic D-glucitol is used as an artificial sweetener. 


SECTION 18.8. 


Reactions at the Hydroxyl Groups 


The hydroxyl groups in carbohydrates behave in a manner similar to that of 
other alcohol groups. They may be esterified by either carboxylic acids or inorganic 
acids, and they may be subjected to ether formation. Carbohydrates may also act 
as diols and form cyclic acetals or ketals with aldehydes or ketones. These reactions 
were discussed in Chapters 7 and 11. 


A. Acetate formation 


A common reagent for esterification of alcohols is acetic anhydride, with either 
sodium acetate or pyridine as an alkaline catalyst. If the reaction is carried out 
below ОС, the acylation reaction is faster than the х-В anomeric interconversion. 
Under these conditions, either x- or B-D-glucose yields its corresponding pent- 
acetate. At higher temperatures, a mixture of the x- and fi-pentacetates is formed, 
with the f-pentacetate predominating. 


айы 
о 
| CHOHLO СН, „О 
HO Аат № | GHC, ге CH;CO, | 
НО | он! cold CH;CO, rCH,CO, 
B-D-glucopyranose penta-O-acetyl-8-p-glucopyranose 


B. Ether formation 


Treatment of an aldose, such as glucose, with methanol yields a methyl glycoside. 


| CH;OH. o | CH;OHLO 
Y H У 
НО ; OH О НО ОН OCH; 


p-glucopyranose methyl p-glucopyranoside 
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The other hydroxyl groups in a carbohydrate can be converted to methoxyl 
groups by reaction with dimethyl sulfate and NaOH. 


TRE 


CH,OH.O (CH,0),50; 


OCH, OCH, 


methyl f-p-glucopyranoside methyl tetra-O-methyl-f-p-glucopyranoside 


In a typical Williamson ether synthesis (RO ^ + RX > ROR + ХС ; Section 
7.14B), the alkoxide must be prepared with a stronger base than NaOH. In the case 
of the carbohydrates, NaOH is a sufficiently strong base to yield alkoxide ions. 
(The inductive effect of the electronegative oxygens on adjacent carbons renders 
each hydroxyl group more acidic than a hydroxyl group in an ordinary alcohol.) 
Because the acetal bond is stable in base, the configuration at the anomeric carbon 
of a glycoside is not changed in this methylation reaction. 


STUDY PROBLEM 


Give the structure of the product of the treatment of methyl 
2-deoxy-a-p-ribofuranoside with: (a)acetic anhydride; (b)an alkaline 
solution of dimethyl sulfate. 


C. Cyclic acetal and ketal formation 


Because carbohydrates contain numerous OH groups, it is sometimes desirable to 
block some of them so that selective reactions can be carried out on the other 
hydroxyl groups. Acetals and ketals are two common blocking groups (see Section 
11.8). For example, an aldehyde, such as benzaldehyde, reacts with 1,3-diol 
groupings in sugar molecules. Other aldehydes and ketones can react preferentially 
at different diol groupings. (In some cases, the product is the furanose, rather than 
the pyranose, ring.) The different products arise because of subtle (generally 
unpredictable) steric and electronic effects. 


О === ур @ т y acetal 


\ | 
\ CH, О .C,H;CHO, 
HO Eo 
HO HO OH 


In the commercial conversion of L-sorbose to vitamin C, acetone is used to 
block four hydroxyl groups so that a single CH,OH group can be oxidized. This 
conversion is outlined in Figure 18.4. 
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CH,OH 


о 
2 CH,CCH, (1) KMnO, 
—— = —— 
H^ CH,OH (2) H* 
Nonxidiced 
CHOH 
L-sorbose 


WT Ру А = 7 E Г, "^ \ 
(synthesized [гот D-giucose) 


COH 


во | HO 


l> 
HO— (D CH,OH, H* но т 


) он etal c talyst ху 
О тега! са 


HO L-ascorbic acid 
| (vitamin C) 


CH,OH 


FIGURE 18.4. The conversion of 1 -ѕогбоѕе to L-ascorbic acid (vitamin C). 


SECTION 18.9. 


The Structure Determination of Glucose 


In 1888, it was known that glucose is an aldohexose. The question was, '*Which 
of the 16 possible stereoisomeric aldohexoses is it?" In 1891, the German chemist 
Emil Fischer reported the structure of the open-chain aldehyde form of p-glucose; 
for this work, he received the Nobel Prize in 1902. 

The determination of configuration of a compound with four chiral carbons 
might seem an overwhelming task, but Fischer accomplished this task in a series of 
simple reactions. From his data, it was possible to determine only the relative 
configuration of glucose, not the absolute configuration, which had to wait another 
50 years for x-ray diffraction. Therefore, Fischer made the assumption that the 
ОН on carbon 2 in р-( 4-)-glyceraldehyde and thus the OH on carbon 5 in p-(4-)- 
glucose are projected to the right in the Fischer projections. (It turned out later that 
his assumption was correct; see Section 4.8.) This assumption narrowed the choices 
for the configuration of glucose to the eight D-aldohexoses shown in Figure 18.3, 
page 813. 


relative configurations 


= СНОН 
— 
unknown —_ 
СНОН assumed to be on the right 


duc 


CH;OH 
D-( + )-glucose 
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Fact 1. И was known that the aldopentose (— )-arabinose could be con- 
verted to the aldohexoses (--)-glucose and (+)-mannose. Heinrich Kiliani dis- 
covered the chain-lengthening step in 1886, and Fischer completed the synthesis 
by reduction of the resulting lactone to yield the aldohexoses in 1890. The following 
sequence is consequently known as the Kiliani-Fischer synthesis. 


new chiral 


ON ae S "GN 
p carbon 
CHO OH HO- 
CHOH "em CHOH GONNA MONG 
CHOH CHOH CHOH 
OH Lon OH 
CH,OH CH,OH CH,OH 
D-( — )-arabinose two cyanohydrins 
from —Gm 
T. hr г CHO CHO 
OH HO 
i p pem CHOH and CHOH 
SR OH CHOH CHOH 
on -~on 
CH,OH | 0 0€H0H ,OH CH,OH CH,OH 
———MÓ— 
two алча tones D-(+)-glucose and 


D-(+)-mannose 


Because ( — )-arabinose yields both (+)-glucose and (+ )-mannose, all three 
of these sugars have the same configuration at the last three chiral carbons (carbons 
3, 4, and 5 of glucose and mannose). (+)-Glucose and (+)-mannose must differ 
only by the configuration at carbon 2. These conclusions are pictured in Figure 
18.5 with the now-known structures. 


Fact 2: Fischer found that the oxidation of both end groups of (—)- 
arabinose yielded an optically active diacid, and not the meso-diacid. 


many steps 
————— 


OH 
OH 
CH,OH CH,OH CH,OH 


D-(— )-arabinose D-(+)-glucose D-( -)-mannose 


FIGURE 18.5. 0-(+)-Glucose and D-(--)-mannose have the same configuration at the last 
three chiral carbons. 
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I yout 

CHOH CHOH 

| нхо, 

CHOH EE CHOH 

—OH OH 

| 

CH,OH CO,H 
(—)-arabinose not meso 


Therefore, Fischer concluded that carbon 2 in (—)-arabinose must have 
OH on the /eft. If it were on the right, the meso-diacid would result. 


CO.H CO.H this diacid would be 
left А - meso, regardless 
— a OH of configuration 
| at carbon 3 
CHOH CHOH 
OH Рон 
CO.H CO,H 
only possibility not this 


From the data presented so far, it is possible to write almost-complete struc- 
tures for ( — )-arabinose, (+ )-glucose, and (+)-mannose. Figure 18.6 shows these 
data with the known structures. 


CHO CHO 
CHO OH HO 

HO— HO HO 
TE 
CHOH CHOH CHOH 
on OH OH 


CH,OH CH,OH CH,OH 
> 


D-( — )-arabinose 


OH 


OH 
CH,OH CH,OH 


р-( — )-arabinose not meso D-( + )-glucose D-( + )-mannose 


FIGURE 18.6. Because D-(—)-arabinose yields an optically active aldaric acid, the OH at 
carbon 2 must be projected on the left. 
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Fact 3: Fischer observed that both (+)-glucose and (+)-таппозе are 
oxidized to optically active diacids. This means that the OH at carbon 4 of both 
of these monosaccharides is on the right. (If it were on the left, one of the two sugars 
would yield a meso-diacid.) Figure 18.7 shows these reactions with the known 


structures. 
T HO COH 
CHOH CHOH 
" not meso, 
HO right HNO HO regardless of 
OH heat OH a а duda pu 
at carbon 2 
OH OH 
CH,OH CO,H 


If OH at carbon 4 were on the left: 


CHO CO,H 
OH 
HO HNO, 
HO heat 
OH 
CH,OH CO,H 


meso 


Now a complete structure for (—)-arabinose may be written—all that is 
needed is to differentiate between (+)-glucose and (+)-mannose. 


CHO CHO 
CHO OH HO 
HO HO HO 
OH OH OH 
OH OH OH 
CH,OH CH,OH CH,OH 


D-( — )-arabinose 


Fact 4: The sugar (+)-gulose (another aldohexose) апа (+)-glucose 
both give the same diacid when oxidized. Of the possible diacids that can be ob- 
tained from the two structures that аге (4-)-glucose and (+)-mannose, only one 
can come from two different sugars. 
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CO,H 


OH 
(o HO 
———À = ——— 
OH OH OH 
OH OH OH 


CH,OH CO.H CH,OH CO,H 


D-( + )-mannose not meso 
CHO CHO 
OH HO 


CHO 
HO HO 
OH OH OH 
OH OH OH 


CH,OH CH,OH CH,OH 


D-( — )-arabinose D-( 4- )-glucose D-( + )-mannose 


D-( + )-glucose not meso 


FIGURE 18.7. Because both p-(+)-glucose and D-(+)-mannose yield optically active 
aldaric acids, the 4-hydroxyl must be on the right. 


CH,OH 


CO,H 


OH 
HNO, HO 
— 
OH 
OH 


CO,H 
I 


can arise from 
two aldohexoses 


CHO 
HO 
HO 
OH 
OH 
CH,OH 


COH 
HO 
HNo, НО 
ыы 
он 
он 
CO,H 


can arise from 
only one aldohexose 


Let us look at diacid П first. The two potential aldohexoses that can lead to 


diacid II follow: 


CHO CH,OH 
HO 
rotate 180° HO 
ooo 
OH OH 
OH OH 
CH,OH Dy 6 CHO 


both are D-( + )-mannose 
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But these two aldohexoses are the same. If we rotate either projection 180° in the 
plane of the paper, the structure is the same as the other. Only this one aldohexose 
can yield diacid П. This aldohexose must be (+ )-mannose. 

Now let us look at diacid I. It can arise from two possible aldohexoses that 
are not the same: D-glucose and L-gulose. (Refer to Figure 18.3, page 813, for the 
structure of D-gulose.) 


CHO CH,OH 
OH OH 
HO HO 
OH -OH 
OH I—OH 


alon maa O 
р-( + )-glucose 1 L-( + )-gulose 


rotating one by 180 
does not give the other 


If these two sugars give the same diacid (that is, diacid I), then the left-hand 
structure is (+)-glucose, the right-hand structure is (+)-gulose, and the aldo- 
hexose that leads to diacid П is ( 4-)-mannose. See Figure 18.8 for these reactions 
with known structures. 


A. Determination of ring size 


The cyclic structures for glucose were postulated in 1895, but it was not shown 
until 1926 that glucose forms six-membered cyclic hemiacetals and glycosides. 
The reactions that were used to determine the ring size are, again, not complex. 

A methyl glycoside undergoes reaction with dimethyl sulfate to yield a com- 
pletely methylated structure. In acidic solution, the methylated methyl glycoside 
can be hydrolyzed and the ring opened. The methoxyl groups, which are ethers, 
are not affected by this reaction. The hydrolyzed acetal therefore has only one 
hydroxyl group. Determination of the position of this hydroxyl group is the in- 
formation needed to know the ring size of the original acetal. 


"ing opening one OH is formed 

pum ШУ, 

OYOCH, E С OH 
мг H,0. H vel 

3 f OCH, CHO 

CHO сно“ NI М 
OCH, | | 
OCH; 


The position of the OH group was determined by vigorous oxidation in 
which the —CHO group is oxidized to —CO,;H and the single OH group is 
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OH 
CO,H 


D-mannaric acid 


These are the same compound 
and must be D-( + )-mannose 


OH OH 


OH OH 


CH,OH CHO CO,H 


D-( + )-glucose L-(+)-gulose D-glucaric acid 


These are not the same compound, but 
| Aoth are oxidized to the same diacid. 


FIGURE 18.8. Because the aldaric acid from D-(+)-glucose can also be formed from 


L-(4-)-gulose p-(+)-glucose has the OH at carbon 2 on the right. Because the aldaric 
acid from D-(+)-mannose can come only from p-(4-)-mannose, this sugar is the one 
with the OH at carbon 2 on the left. 
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oxidized to a ketone. Under these oxidizing conditions, cleavage of the molecule 
occurs adjacent to the ketone group (on either side) to yield two dicarboxylic 


acids. (See Section 11.17 for a discussion of this type of oxidation.) 


I [ ] 
1 
RCH+C—} 7 RCOH + HOC— 
OH ОСН,“ 
| 
kaki NES and 
| heat 
OCH, OL: [e 


| р cleavage 


| 
конс “===. WONG 
OCH; OCH, 
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№ | 
[ CO;H 
H—C-OCH, H—C-OCH, ‘сон 
>| 3| + 6 
CH,O=C—H CH,0—C—H CH,OCH, 
9 4 
о ы 
(5) 
H=C—0OH HNO, and 
5 З Ns pia Edu heat n. H 
CH,OCH, qo: 
methylated p-glucose H—C-OCH, 


CH,0—C—H + CO, 


4) 
H—C-OCH, 


equation were observed as principal products (along with methoxyacetic acid and 
CO,). The structures of the two diacids were determined by comparing their 
physical properties with those of methoxy diacids of known structure. Because 
these product diacids are methoxy derivatives of four- and five-carbon diacids, it 
was concluded that carbon 5 holds the OH group in the hydrolyzed glycoside and 


G 
CO,H 
From methylated glucose, the two methoxy diacids shown in the preceding 
i 
that the original glycoside ring is a six-membered ring. | 


carbon 5 CHOCH, CHOCH, 
O О 
OCH; ОСН, 
four carbons five carbons 


STUDY PROBLEMS 


18.14. What products would be observed from methylation, hydrolysis, and oxidation 
of a methyl p-glucofuranoside? 


18.15. Today, the ring size of a glycoside is determined by HIO, oxidation of the 
glycoside (Section 7.13D). Predict the products of the HIO, oxidation of methyl 
D-glucopyranoside and methyl p-glucofuranoside. 
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SECTION 18.10. 
Disaccharides 


A disaccharide is a carbohydrate composed of two units of monosaccharide 
joined together by a glycoside link from carbon 1 of one unit to an OH of the 
other unit. A common mode of attachment is an x or [5 glycoside link from the first 
unit to the 4-hydroxvl group of the second unit. This link is called а 1,4’-x or a 
1,4’-6 link, depending on the stereochemistry at the glycoside carbon. 


zx or f 


= О 

Б zar Ё 4 М 
E | C > 

- @ О О О 

= О S 


а 1.4'-В link а 1.4 -p link 
(conformational) (Haworth) 


Let us look at the preceding structures more closely. Unit 1 (the left-hand 
unit in each structure) has a f-glycoside link to unit 2. In aqueous solution, this 
glycoside link is fixed. It is not in equilibrium with the anomer. However, unit 2 
(the right-hand unit in each structure) contains a hemiacetal group. In aqueous 
solution, this particular group is in equilibrium with the open-chain aldehyde 
form and with the other anomer. 


oH В and not fixed 
M" 
op OH 
CHO 
| н.о н.о 
О Kama n т=ш==. 
О =. О 
а 
В and fixed О } 
“ 
OH 


A.  Maltose 


The disaccharide maltose is used in baby foods and malted milk. It is the principal 
disaccharide obtained from the hydrolysis of starch. Starch is broken down 
into maltose in an apparently random fashion by an enzyme in saliva called x-/,4- 
glucan 4-glucanohydrolase. The enzyme 2-1,4-діисап maltohydrolase, found in 
sprouted barley (malt), converts starch specifically into maltose units. In beer- 
making, malt is used for the conversion of starches from corn or other sources 
into maltose. An enzyme in yeast (x-glucosidase) catalyzes the hydrolysis of the 
maltose into D-glucose, which is acted upon by other enzymes from the yeast 
to yield ethanol. One molecule of maltose yields two molecules of D-glucose, 
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regardless of whether the hydrolysis takes place in a laboratory flask, in an 
organism, or in a fcrmentation vat. 
н.о н.о 


starch — — —9 maltose ———————— D-glucose ————> СН,СН,ОН 
Н ' or enzymes 11° or enzymes enzymes Ў а 


cthanol 
A molecule of maltose contains two units of D-glucopyranose. The first unit 
(shown on the left) is in the form of an o-glycosidc. This unit is attached to the 
oxygen at carbon 4' in the second unit by a 1,4'-x link. 


CH,OH CH;OH 
О, О 
OH OH оа = 
НО OH HO 
E. OH 
a CH;OH CH,OH 
O O 
OH OH OH 
HO О i 
OH \ OH t 
a a or f 
maltose 
CH,OHO 
HO 
HO OH CH,OH oO 
O 
HO OH OH 


conformational formula for maltose 
4-O-(x-D-glucopyranosyl)-b-glucopyranose 


The anomeric carbon of the second unit of glucopyranose in maltose is part 
of a hemiacetal group. As a result, there are two forms of maltose (a- and f- 
maltose), which are in equilibrium with each other in solution. Maltose undergoes 
mutarotation, is a reducing sugar, and can be oxidized to the carboxylic acid 
maltobionic acid by a bromine-water solution. 


STUDY PROBLEM 


Give the structures of the products: 


H;O, Н“ Br, H,O 
(a) «-maltose ——— (b) f-maltose — —— 


B. Cellobiose 


The disaccharide obtained from the partial hydrolysis of cellulose is called 
cellobiose. Like maltose, cellobiose is composed of two glucopyranose units joined 
together by a 1,4’-link. Cellobiose differs from maltose in that the 1,4-linkage is 
В rather than a. 


Disaccharides Section 18.10. 837 


cellobiose 
43-O-(B-b-glucopyranosyl)-b-glucopyranose 


Chemical hvdrolysis of cellobiose with aqueous acid yields a mixture of 
a- and f-b-glucose, the same products that are obtained from maltose. Cellobiose 
can also be hydrolyzed with the enzyme f-glucosidase (also called emulsin), but 
not by x-glucosidase, which is specific for the x link (that is, maltose). 


STUDY PROBLEMS 


18.17. Give the structures of the products: 


(a) x-cellobiose „ОЗН, (b) B-cellobiose H;O, H* 
) cue сиг 
E (d) x«ellobiose hens reagent , 


(e) x-cellobiose —. :£lucosidase , 


18.18. Which would you expect to be more stable, fi-maltose or fi-cellobiose? Why? 


C. Lactose 


The disaccharide lactose (milk sugar) is different from maltose or cellobiose 
in that it is composed of two different monosaccharides, D-glucose and D-galactose. 


OH 


lactose 
4-O-(f.-b-galactopyranosyl)-p-glucopyranose 


CH,OH 


OH 


OH | 


ES glucopyranose 


fi-galactopyranose 


Lactose is a naturally occurring disaccharide found only in mammals; cow's 
milk and human milk contain about 5 % lactose. Lactose is obtained commercially 
as a by-product in the manufacture of cheese. 

In normal human metabolism, lactose is hydrolyzed enzymatically to р- 
galactose and D-glucose; then the galactose is converted to glucose, which can 
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undergo metabolism. A condition called galactosemia that affects some infants 
is caused by lack of the enzyme used to convert galactose to glucose. Galactosemia 
is characterized by high levels of galactose in the blood and urine. Symptoms range 
from vomiting to mental and physical retardation and sometimes death. Treat- 
ment consists of removing milk and milk products from the diet. (An artificial 
milk made from soybeans may be substituted.) 


D. Sucrose 


The disaccharide sucrose is common table sugar. Sugar cane was grown domesti- 
cally as early as 6000 в.с. in India. (The words "sugar" and sucrose" come from 
the Sanskrit word sarkara.) Sucrose was encountered by the soldiers of Alexander 
the Great, who entered India in 325 в.с. In later centuries, the use of sucrose was 
spread by the Arabs and the Crusaders. Sugar cane was introduced into the New 
World by Columbus, who brought some to Santo Domingo in 1493. In the 1700's, 
it was discovered that certain beets also contain high levels of sucrose. The dis- 
covery meant that sugar could be obtained from plants grown in temperate 
climates as well as from sugar cane grown in the tropics. Today, more sucrose is 
produced than any other pure organic compound. 

Whether it comes from beets or sugar cane, the chemical composition of 
sucrose is the same: one unit of fructose joined to one unit of glucose. The glycoside 
link joins carbon 1 of each monosaccharide and is В from fructose and x from 
glucose. Note the difference between sucrose and the other disaccharides we have 
discussed: in sucrose, both anomeric carbon atoms (not just one) are used in the 
glycoside link. In sucrose, neither fructose nor glucose has a hemiacetal group; 
therefore, sucrose in water is not in equilibrium with an aldehyde or keto form. 
Sucrose does not exhibit mutarotation and is not a reducing sugar. 


x-glucopyranose 


ШМ CH;OH о 
о HO 
OH 
HO и а 
HO 
О О 
HOCH, fi-fructofuranose CH;OH 
T -y Т CH;OH 
2 
HO HO OH 
CH,OH 
OH 


sucrose 
B-b-fructofuranosyl x-p-glucopyranoside 


Inyert sugar is a mixture of D-glucose and D-fructose obtained by the acidic 
or enzymatic hydrolysis of sucrose. The enzymes that catalyze the hydrolysis of 
sucrose, called invertases, are specific for the B-p-fructofuranoside link and are 
found in yeast and in bees. (Honey is primarily invert sugar.) Because of the pres- 
ence of free fructose (the sweetest sugar), invert sugar is sweeter than sucrose. A 
synthetic invert sugar called [somerose is prepared by the enzymatic isomerization 
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of glucose in corn syrup. lt has commercial use in the preparation of ice cream, 
soft drinks, and candy. 

The name “invert sugar " is derived from inversion in the sign of the specific 
rotation when sucrose is hydrolyzed. Sucrose has a spceific rotation of + 66.5°, 
a positive rotation. The mixture of products (glucose, [x] = +52.7°, and fructose, 
[x] = —92.4°) has a net negative rotation. 


SECTION 18.11. 


Polysaccharides 


A polysaccharide is a compound in which the molecules contain many units of 
monosaccharide joined together by glycoside links. Upon complete hydrolysis, 
a polysaccharide yields monosaccharides. 

Polysaccharides serve three purposes in living systems: architectural, 
nutritional, and as specific agents. Typical architectural polysaccharides are 
cellulose, which gives strength to the stems and branches of plants, and chitin, the 
structural component of the exoskeletons of insects. Typical nutritional poly- 
saccharides are starch (asis found in wheat and potatoes) and glycogen, an animal’s 
internal store of readily available carbohydrate. Heparin, an example of a specific 
agent, is a polysaccharide that prevents blood coagulation. 


CO;H CH,OSO,H 
O O 
OH OH A 
X О p 
OSO,H NHSO,H 
heparin 


Polysaccharides may also be bonded to other types of molecules, as in 
glycoproteins (polysaccharide-protein complexes; see Chapter 19), and glycolipids 
(polysaccharide-lipid complexes; see Chapter 20). 


A. Cellulose 


Cellulose is the most abundant organic compound on earth. It has been esti- 
mated that about 10!! tons of cellulose are biosynthesized each year, and that 
cellulose accounts for about 50% of the bound carbon on earth! Dry leaves соп- 
tain 10-20% cellulose; wood, 50%; and cotton, 90%. The most convenient labora- 
tory source of pure cellulose is filter paper. 

Cellulose forms the fibrous component of plant cell walls. The rigidity of 
cellulose arises from its overall structure. Cellulose molecules are chains, or micro- 
fibrils, of up to 14,000 units of p-glucose that occur in twisted rope-like bundles 
held together by hydrogen bonding. 

A single molecule of cellulose is a linear polymer of 1,4’-B-p-glucose. Com- 
plete hydrolysis in 40% aqueous НСІ yields only p-glucose. The disaccharide 
isolated from partially hydrolyzed cellulose is cellobiose, which can be further 
hydrolyzed to p-glucose with an acidic catalyst or with the enzyme emulsin. 
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Cellulose itself has no hemiacetal carbon — it cannot undergo mutarotation or be 
oxidized by such test reagents as Tollens reagent. (There may be a hemiacetal at 
one end of each cellulose molecule ; however, this is but a small portion of the whole 
and does not lead to observable reaction.) 


H,COH 
O, 
OH 
H,COH 
Е O 
О ОН 
ОН es 
H,COH 
Oo DL OH 
EP ! f 
OH a 
° OH 
CH,OH o 
LG СН,ОН о 
\ О СН ОНГ; 
но oHT о О 
OH N 
HO ОН 
cellulose 


STUDY PROBLEM 


Predict the major product (and give a structure or partial structure) when 
cellulose is treated with: (a) an excess of hot aqueous H,SO,, then water; 
(b) hot water; (c)hot aqueous NaOH solution; (d) an excess of NaOH and 
dimethyl sulfate. 


Although mammals do not produce the proper enzymes for breaking down 
cellulose into glucose, certain bacteria and protozoa do have these enzymes. 
Grazing animals are capable of using cellulose as food only indirectly. Their 
stomachs and intestines support colonies of microorganisms that live and repro- 
duce on cellulose; the animal uses these microorganisms and their by-products 
as food. 


B. Starch 


Starch is the second most abundant polysaccharide. Starch can be separated 
into two principal fractions based upon solubility when triturated (pulverized) 
with hot water: about 20% of starch is amylose (soluble) and the remaining 807; 
is amylopectin (insoluble). 
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Amylose. Complete hydrolysis of amylose yields only D-glucose; partial 
hydrolysis yields maltose as the only disaccharide. We conclude that amylose is a 
linear polymer of 1.4’-linked x-p-glucose. The difference between amylose and 
cellulose is the glycoside link: В in cellulose, x in amylose. This difference is re- 
sponsible for the different properties of these two polysaccharides. 


CH,OH. 


\ 
HO 
CH,OH CH,OH 
о 
Y OH EA HO 
Y o N о’ ч 
| 
OH OH 


amylose 


There are 250 or more glucose units per amylose molecule; the exact number 
depends upon the species of animal or plant. (Measurement of chain length is 
complicated by the fact that natural amylose degrades into smaller chains upon 
separation and purification.) 

Amylose molecules form helices or coils around I, molecules; a deep blue 
color arises from electronic interactions between the two. This color is the basis 
of the iodine test for starch, in which a solution of iodine is added to an unknown 
as a test for the presence of starch. 


Amylopectin, a much larger polysaccharide than amylose, contains 1000 or 
more glucose units per molecule. Like the chain in amylose, the main chain of 
amylopectin contains 1,4'-x-p-glucose. Unlike amylose, amylopectin is branched 
so that there is a terminal glucose about every 25 glucose units (Figure 18.9). The 
bonding at the branch point is a 1,6'-x-glycosidic bond. 


CH,OH 
О 1.6 branch 
NOH CH OHO 
[TO 
он HO OH 
CHOH СН, 
О О CH,OH о 
JA OH OH ^. 
ОН ОН 


amylopectin 
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FIGURE 18.9. A representation of the branched structure of amylopectin. Each —@— represents 
a glucose molecule. 


Complete hydrolysis of amylopectin yields only D-glucose. However, in- 
complete hydrolysis yields a mixture of the disaccharides maltose and isomaltose, 
the latter arising from the 1,6’-branching. The oligosaccharide mixture obtained 
from the partial hydrolysis of amylopectin, which is referred to as dextrins, is used 
to make glue, paste, and fabric sizing. 


А H,O А H,O | H,O 
amylopectin ———— dextrins ———> maltose + isomaltose ————э D-glucose 


CH,OH 
о 
E. su go Cono 
HO о 2 ED 
HO OH 
CH, | 
О CH, 20 
OH OH "НЫ 
HO HO DR-OH 
OH 


isomaltose 
6-O-(x-p-glucopyranosyl)-p-glucopyranose 


Glycogen is a polysaccharide that is used as a storehouse (primarily in the 
liver and muscles) for glucose in an animal system. Structurally, glycogen is re- 
lated to amylopectin. It contains chains of 1,4’-x-linked glucose with branches 
(1,6’-x). The difference between glycogen and amylopectin is that glycogen is more 
branched than amylopectin. 


C. Chitin 


The principal structural polysaccharide of the arthropods (for example, crabs 
and insects) is chitin. It has been estimated that 10? tons of chitin are biosynthesized 
each year! Chitin is a linear polysaccharide consisting of fi-linked N-acetyl-D- 
glucosamine. Upon hydrolysis, chitin yields 2-amino-2-deoxy-D-glucose. (The 
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acetyl group is lost in the hydrolysis step.) In nature, chitins are bonded to non- 
polysaccharide material (proteins and lipids). 


О — 


| CH,OH.O 
NHCCH, {—O CHORO 
О 
HO NAT Но ( 
| МН 
CCH; | 
|| ССН, 
| МНССН, О | 
AS О 
chitin 


STUDY PROBLEM 


18.20. Give the structures for the major organic products when chitin is treated with: 
(a) hot dilute aqueous HCl; (b)hot dilute aqueous NaOH. 


Summary 


Carbohydrates are polyhydroxy aldehydes and ketones or their derivatives. 
A monosaccharide is the smallest carbohydrate; it does not undergo hydrolysis to 
smaller units. Monosaccharides may be classified as to the number of carbons and 
to the principal functional group: 


CH,OH 
CHO tes 
—OH OH 
CH,OH CH,OH 

an aldotriose a tetrulose 


Natural monosaccharides generally belong to the p-series. Because of the 
presence of both hydroxyl and carbonyl groups, monosaccharides that can form 
furanose or pyranose hemiacetal or hemiketal rings undergo cyclization. The 
cyclization creates a new chiral carbon and therefore gives rise to a pair of diastere- 
omers called х and f anomers. In solution, the anomers аге in equilibrium with 
each other. 
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CH,OH OH CH,OH 


О О 
uo НО но ` ye 
OH —— — OH ` 
HO OH OH HO | 
OH l 
В 


OH К OH 


CH,OH 
Because of the equilibrium, a monosaccharide undergoes reactions typical 
of aldehydes. 
CH,OH 
O 
OH OR a glycoside 
HO 
OH 
ROH 
CHO CO,H 
OH OH 
HO Br,, H,O HO 
Ум an aldonic acid 
OH OH 
OH OH 
CH;OH CH,OH 
D-glucose 
(1) NaBH, 
(2) H0, H* CH;OH 
OH 
HO an alditol 
OH 
OH 
CH,OH 


Vigorous oxidation of an aldose yields an aldaric acid. 


CHO COH 

OH OH 

HO HNo, HO 
—— 
heat 

OH OH 

OH OH 
CH;OH CO;H 


D-glucose an aldaric acid 
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The hydroxyl groups of a glycoside may be acetylated, methylated, or 
converted to cyclic acetals or ketals. 

CH;,O,CCH, 

Och, 

O,CCH, 


(CH,CO).0 
mr 


acetylated 


СН,СО, 
O,CCH, 
CHOCH, 
(CH,0),SO ояи 
ча OR а ОСН, methylated 
\ С Н,О 
| ОСН, 
a glvcosule \ 

\ O Cele 

| 7 = 

| RCHO RCH 

"s bw OH ОН acyclic acetal 
О 
OH 


Disaccharides are composed of two units of monosaccharide joined by a 
glycoside link from one unit to an OH group of the second unit. Acid hydrolysis 
of a disaccharide yields the two monosaccharides. Maltose is composed of two 
D-glucopyranose units joined by a 1,4’-х link. Cellobiose is composed of two 
D-glucopyranose units joined by a 1,4-В link. Lactose is composed of fi-p-galacto- 
pyranose joined to the 4-position of D-glucopyranose. Sucrose is composed of 
x-D-glucopyranose and f-p-fructofuranose joined by a 1,1’ link. 


A polysaccharide is composed of many units of monosaccharide joined by 
glycosidic links: 


cellulose: 1,4-f-D-glucopyranose 
amylose: 1,4'-x-D-glucopyranose 
amylopectin: 


1,4'-2-p-glucopyranose with 1.6'-x-branching 
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18.21. 


18.22. 


18.23. 


18.24. 


18.25. 


18.26. 


STUDY PROBLEMS 


Match each of the following classes of compound with a structure on the right: 
HOCH; 


O OH 
(a) a hexulose (1) 


OH OH 


HOCH, 


О 
(b) a pentopyranose (2) 
OCH; 
OH OH 


HO 
OH 
(c) a pentofuranose (3) OH O 
OH 


(d) a pentofuranoside (4) 
OH 
Label each of the structures in Problem 18.21 as D or L. 


Give structures for (and label as х or В) the anomers of compounds (1) and (4) in 
Problem 18.21. 


Draw the Fischer projections for the open-chain forms of all the isomeric D-hexuloses and 
indicate the chiral carbons in each. 


(a) When (R)-2-hydroxypropanal is treated with HCN, what products are obtained? 
(b) Are those products optically active? Explain. 


A chemist has a single stereoisomer of 1,2,3,4-butanetetraol of unknown configuration. He 
also has a flask of p-glyceraldehyde. Suggest a reaction sequence that could be used to relate 
the configuration of the tetraol to that of D-glyceraldehyde. 


Study Problems 


18.27. Draw Haworth projections for the following monosaccharides: 


HO 
OH Ó HO 

а) НО (b) OH 
HO 


CH,OH 


© 


CH,OH 


CH;OH о 
HO 
(c) (d) f-p-altropyranose 
— 
NH; 


18.28. Draw Fischer projections for the following monosaccharides: 


CH,OH HOCH, 
HO О. O.  N(CH3) 
(a) OH (b) 
OH 
OH 


CH,CO, OH 


HO 


CH,OH 
(c) осн, (d) a-p-lyxofuranose 


18.29. Write equations (using Haworth formulas) that illustrate: 


(a) the mutarotation of pure fiÓ-D-arabinofuranose in water 
(b) the conversion of f-D-fructofuranose to f-D-fructopyranose 
(c) the mutarotation of f-maltose 


18.30. Which of the following compounds would not undergo mutarotation? Why? . 


CH;O HO 
OH CH;O 
о 
(а) H (b) сн.о 
| 


CH;OH CH;OCH; 
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18.32. 


18.33. 


18.34. 


18.35. 


18.36. 


18.37. 


18.38. 
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CH,OCH, 
HO О, 


OH 


OH OH OH OH 


$ 


(f) 6-O-(a-p-galactopyranosyl)-fi-b-glucopyranose 
(2) a-p-glucopyranosyl «-p-glucopyranoside 


Which of the compounds in Problem 18.30 are nonreducing sugars? 


What would you expect to be the most stable conformation for: (а) ff-b-galactopyranose, 
and (b)a-p-idopyranose? Give structures and reasons for your answers. 


Give the Haworth formulas for the major organic products: 


(a) D-glucose + (CH,),CHOH Н, 


(b) p-galactose + CHCH, OH ен 


- . + 
(c) methyl x-D-ribofuranoside LM. 
The oxidation of D-fructose with Tollens reagent yields a mixture of anions of D-mannonic 


acid and D-gluconic acid. Explain. 


Algin is a polysaccharide obtained from seaweed. It is hydrolyzed to D-mannuronic acid. 
What is the structure of this acid? (Use a Fischer projection.) 


Give the structure and the name of the organic product obtained when D-galactose is 
treated with: (а) aqueous Br;; (Б) hot НМО,; (с) Tollens reagent. 


Suggest a synthesis of 2,3-di-O-methylglucose from glucose. (Ignore the stereochemistry at 
the anomeric carbon.) 


Fill in the blanks (give all possibilities): 


(a) -hot HNOs, meso-tartaric acid 


(a D-tetrose) 


HOCH, „О 
dil. HCI 
(b) м cold O 
OH OH 
(1) NaBH, е 
(с) HOH? 2 meso-alditol 


(a D-aldohexose) 


18.39. 


18.40. 


18.41. 


18.42. 


18.43. 


18.44. 


18.45. 


18.46. 


18.47. 
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Predict the major organic product for the reaction of D-mannose with: (a) Br; + Н,О; 
(D HNO,: (с) ethanol + H^; (4) [the product from (c)] plus dimethyl sulfate and 
NaOH: (е) [the product from (c)] plus СН and Ag,O; (f) acetic anhydride; 

(g) acetyl chloride + pyridine; (h) NaBH,: (i) HCN followed Бу H,O and НСІ; 

Ù LiAIH, followed by water; (k) Н, and Nicatalyst: (1) [the product from (c)] plus 
Н.О. HCI. 


Predict the major organic product of the treatment of amylose with dimethyl sulfate and 
NaOH. followed by hydrolysis in dilute НСІ. 


Methyl §-D-gulopyranoside is treated with: (1) dimethyl sulfate plus NaOH: (2) H,O. 
H':andthen (3)hot HNO,. Write the equations that illustrate the steps in this reaction 
sequence. 


How would you distinguish chemically between (а) maltose and sucrose? (b) D-lyxose 
and p-xvlose? 


How many possible disaccharides could be formed from just D-glucopyranose? (The x and В 
links form different disaccharides.) 


If a polysaccharide were composed of 1.4 -х-іпКеа D-glucopyranose with 1.3 -x-linked 
branches, what are the possible disaccharides that would be obtained upon partial 
hydrolysis? 


Trehalose is a nonreducing sugar with the formula C,,H;,0,,. Upon hydrolysis, only 
D-glucose is obtained. What are the possible structures of trehalose? 


A carbohydrate A (C,-H;,0,,) was treated with (1) CHOH, H^, апа (2) excess 
СН; апа Аз,О. The product B was hydrolyzed to 2,3,4,6-tetra-O-methyl-D-galactose and 
2,3.6-tri-O-methy1-p-glucose. When A was treated with aqueous acid. the products were 
D-galactose and D-glucose in equal amounts. When A was treated with aqueous Br,, а 
carboxylic acid C was isolated. Hydrolysis of C with aqueous НСІ resulted in D-gluconic 
acid as the only acid. What are the structures of A, B, and C? 


Raffinose is а trisaccharide found in beets. Complete hydrolysis of raffinose yields 
D-fructose, D-glucose. and D-galactose. Partial enzymatic hydrolysis of raffinose with 
invertase yields D-fructose and the disaccharide melibiose. Partial hydrolysis of raffinose 
with an z-glvcosidase vields D-galactose and sucrose. Methylation of raffinose followed by 
hydrolysis yields 2.3.4.6-tetra-O-methylgalactose ; 2.3.4-tr1-O-methylglucose: and 
1,3.3,6-tetra-O-meth vlfructose. What are the structures of raffinose and melibiose? 


СНАРТЕК 19 


Amino Acids and Proteins 


roteins are among the most important compounds in an animal organism. 
Appropriately, the word protein is derived from the Greek proteios, which 


means "first." Proteins are polyamides, and hydrolysis of a protein yields amino 
acids. 


H,0, H* 
heat 


|| | 
НОНО НО. пенен - SION Hee etc. 


R R’ R R' 


a protein amino acids 


Only twenty amino acids are commonly found in plant and animal proteins, 
yet these twenty amino acids can be combined in a variety of ways to form muscles, 
tendons, skin, fingernails, feathers, silk, hemoglobin, enzymes, antibodies, and 
many hormones. We will first consider the amino acids and then discuss how their 
combinations can lead to such diverse products. 


SECTION 19.1. 


The Structures of Amino Acids 


The amino acids found in proteins are a-aminocarboxylic acids. Variation in 
the structures of these monomers occurs in the side chain. 
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| PUNON et structure 
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The simplest amino acid is aminoacetic acid (Н,МСН,СО,Н), called 
glvcine, which has no side chain and consequently does not contain a chiral carbon. 
АП other amino acids have side chains, and therefore their x carbons are chiral. 
Naturally occurring amino acids have an (S)-configuration at the x carbon and 
are said to belong to the L-series— that is, the groups around the x carbon have the 
same configuration as in L-glyceraldehyde. (It is interesting that racemic x-amino 
acids have been detected in certain carbonaceous meteorites.) 


(S}configuration 


> 


CHO. ^ \ COH 
HO-C—H = H,N—C—H 
CH,OH R 


L-glyceraldehyde an L-amino acid 


Table 19.1 contains a complete list of the twenty amino acids commonly 
found in proteins. Also included in this table are abbreviations for the amino acid 
names. The use of these abbreviations will be discussed later in this chapter. 


A. Essential amino acids 


Most amino acids can be synthesized by an organism from its `“ pool” of organic 
compounds. One such mode of synthesis 1$ the conversion of an amino acid 
that is present in excess to a desired amino acid by a transamination reaction. 
The mechanism for this reaction was presented in Section 11.10. 


Circled groups exchanged: 


mom CO;H 
| 
H.NCH + CES SS C=O + H;NCH 
= | | (many steps) | = | 
| 


R R R R’ 


old amino acid old keto acid new keto acid new amino acid 


transaminase 2 
enzymes 


CO,H RES 


Not all amino acids can be obtained by interconversions from other amino 
acids or by synthesis from other compounds in the animal system. Amino acids 
that are required for protein synthesis and cannot be synthesized by the organism 
must be present in the diet. Such compounds are referred to as essential amino 
acids. Which amino acids are essential depends upon the species of animal and 
even upon individual differences. 

Tne amino acids usually considered essential for humans are starred in 
Table 19.1. Of these, tryptophan, phenylalanine, methionine, and histidine can 
be enzymatically converted from (К) to (S); thus, a racemic mixture of these 
amino acids can be totally utilized. The other essential amino acids must be pro- 
vided in the diet in their (S)-configurations to be used in protein biosynthesis. 


852 Chapter 19 


Amino Acids and Proteins | 
f 
n 


Abbreviation 


Name 

alanine ala 
arginine* arg 
asparagine asn 
aspartic acid asp 
cysteine cyS 
glutamic acid glu 
glutamine gin 
glycine gly 
histidine* his 
isoleucine* ile 
leucine* leu 
lysine* lys 
methionine* met 


Structure 


CH,CHCO,H | 
T | 
H,NCNHCH,CH,CH,CHCO,H 
NH NH, 
O 
beers 
NH, 
HO,CCH,CHCO,H 
NH, 
HSCH,CHCO,H 
NH, 
HO,CCH,CH,CHCO,H 
NH, 
О 
нанеси ле 
NH, 
CH,CO,H 
NH, 


N 
(А сн,снсо,н 
н NH, 
CH, 
CH,CH,CHCHCO.H 
NH, 
(CH,),CHCH,CHCO,H 


| 
NH, 


H,NCH,CH;CH;CH,CHCO;H 
NH, 


CH,SCH;CHCHCOJH 


NH, 


The Structures of Amino Acids Section 19.1. 853 


TABLE 19.1. (continued) 


Name Abbreviation Structure 
phenylalanine* phe (Осн ›СНСО,Н 
т. 
proline pro бл pan О.Н 
Н 
зеппе ser HOCH;CHCO;H 
T 
OH 
threonine* thr CH Е HCHCO,H 
NH, 
CH, 2 HCO;H 


tryptophan* try CL * 
tyrosine tyr ou CHCO;H 


valine* val — 
МН, 


* Essential amino acid. 


As an example of individual differences in requirements for amino acids, 
let us look at tyrosine. This amino acid is not considered an essential amino acid 
because, in most people, tyrosine can be synthesized from phenylalanine. A small 
percent of individuals who have inherited a condition known as phenylketonuria 
(PKU), which means “phenyl ketones in the urine," do not have the enzyme 
necessary for this conversion. The diet of a person with PKU must contain some 
tyrosine and must be limited in its quantity of phenylalanine. 


CO,H = 


enzymes 
о 


E 
H,NCH H,NCH 


| | 
„О О 


phenylalanine tyrosine 
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B. Importance of side-chain structure 


How can polymers composed of twenty similar amino acids have such a wide 
variety of properties? Part of the answer lies in the nature of the side chains in the 
amino acids. Note in Table 19.1 that some amino acids have side chains that 
contain carboxyl groups; these are classified as acidic amino acids. Amino acids 
containing side chains with amino groups are classified as basic amino acids. 
These acidic and basic side chains help determine the structure and reactivity of 
the proteins in which they are found. The rest of the amino acids are classified as 
neutral amino acids. The side chains of neutral amino acids are also important. For 
example, some of these side chains contain —OH, —SH, or other polar groups 
that can undergo hydrogen bonding, which we will find is an important feature in 
overall protein structure. 


CO;H CO,H CO,H CO,H 
H,NCH H,NCH H,NCH H;NCH 
CH;CH;CO,H (CH5;), NH, CH(CH,); CH;OH 
glutamic acid lysine valine serine 
an acidic amino acid a basic amino acid a neutral amino acid a neutral amino acid 
with a nonpolar side chain with a polar side chain 


The characteristics of a protein are changed if a carboxylic acid group in a 
side chain is converted to an amide. Note the difference in the side chains of 
glutamine and glutamic acid. 


ord acidic GO aki neutral 

H,NCH H,NCH n 
CH,CH,CO,H CH,CH,CNH, 
glutamic acid glutamine 


The thiol side chain in cysteine plays a unique role in protein structure. 
Thiols can undergo oxidative coupling to yield disulfides (Section 7.17). This 
coupling between two units of cysteine yields a new amino acid called cystine and 
provides a means of cross-linking protein chains. Giving hair a “permanent wave" 
involves breaking some existing S—S cross-links by reduction and then reforming 
new 5—5 links in other positions of the protein chains. 


i i 
first protein chain: | —NHCHC—1 = o 
CH,SH CH, 
| cross-link 
[0] S between chains 
(H] S 
| e 
CH,SH IE 
second protein chain: P qeu ed Dm 


С 
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The order in which amino acids are found in a protein molecule determines 
the relationship of the side chains to one another and consequently determines 
how the protein interacts with itself and with its environment. For example, а 
hormone or other water-soluble protein contains many amino acids with polar 
side chains, while an insoluble muscle protein contains a greater proportion 
of amino acids with nonpolar side chains. 

The importance of the side chains of amino acids is illustrated by the con- 
dition known as sickle-cell anemia. The difference between normal hemoglobin 
and sickle-cell hemoglobin is that, in a protein molecule of 146 amino acid units, 
one single unit has been changed from glutamic acid (with an acidic side chain) to 
valine (with a nonpolar side chain). This one small error in the protein renders the 
affected hemoglobin less soluble and thus less able to perform its prescribed task 
of carrving oxvgen to the cells of the body. 


SECTION 19.2. 


Amino Acids as Dipolar Ions 


Amino acids do not always behave like organic compounds. For example, they 
have melting points of over 200 , whereas most organic compounds of similar 
molecular weight are liquids at room temperature. Amino acids are soluble in 
water and other polar solvents, but insoluble in nonpolar solvents such as diethyl 
ether or benzene. Amino acids have large dipole moments. Also, they are less acidic 
than most carboxylic acids and less basic than most amines. 


к 
RCO.H RNH; H;NCH 
pA, = ~5 pA, = ~4 | 
pK, = ~10 
РА = lle 


Why do amino acids exhibit such unusual properties? The reason is that an 
amino acid contains a basic amino group and an acidic carboxyl group in the same 
molecule. An amino acid undergoes an internal acid—base reaction to yield a 
dipolar ion, also called a zwitterion (from German zwitter, “hybrid "). Because of 
the resultant ionic charges, an amino acid has many properties of a salt. Further- 
more, the pK, of an amino acid is not the pK, of a —CO;H group, but that of an 
— МН,“ group. The pK, is not that of a basic amino group, but that of the very 
weakly basic —CO, group. 


den CO, 


" 0 | 
HjN—C—H = м. 


R R 


a dipolar ion 
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STUDY PROBLEMS 


When each of the following amino acids is dissolved in water, would the solution 
be acidic, basic, or near-neutral? (Refer to Table 19.1 for the structures.) 


(a) glutamic acid (b) glutamine (с) Іеисте (4) lysine (е) serine 
Monosodium glutamate (MSG) is widely used as a condiment. What is the most 


likely structure for this compound? (Hint: Which carboxyl group in glutamic 
acid is more acidic?) 


SECTION 19.3. 


Amphoterism of Amino Acids 


An amino acid contains both a carboxylate ion (—CO; ) and an ammonium 
ion (—NH,^*) in the same molecule. Therefore, an amino acid is amphoteric: it 
can undergo reaction with either an acid or a base to yield a cation or an anion, re- 
spectively. 


In acid: ed CO,H 
HN-C-H нш Баа ад, 
R R 


a cation 


In base: CO; n 
qae Om н. + H,O 
| 
H R R 


an anion 


19.3. 


STUDY PROBLEM 


Predict the product of reaction of (а) proline, апа (b) tyrosine with an excess 
of aqueous НСІ and with an excess of aqueous NaOH. 


You might think that an aqueous solution of a so-called neutral amino acid 
would be neutral. However, aqueous solutions of neutral amino acids are slightly 
acidic because the — МН; * group is a stronger acid than —CO; is a base. The 
result of the difference in acidity and basicity is that an aqueous solution of alanine 
contains more amino acid anions than cations. We can say that alanine carries a 
net negative charge in aqueous solution. 
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At pH 7. alanine carries a net negative charge: 


weaker oy 


со, CO, 
BINE NU. HW ER S! СЕН НО" 


^ 


MONTE di id - CH; CH; 
no net charge net negative charge 
If a small amount of НС] or other acid is added to an alanine solution, the 
acid-base equilibrium is shifted so that the net charge on the alanine ions becomes 


zero. The pH at which an amino acid carries no net ionic charge is defined as the 
isoelectric point of that amino acid. The isoelectric point of alanine is 6.0. 


At pH 6, alanine carries no net charge: 


CO; CO; 


| | 
HN-C-H EM === HÑ—C—H 
CH, CH, 


Isoelectric points can be determined by electrophoresis, a process of measuring 
the migration of ions inan electric field. This is accomplished by placing an aqueous 
solution of an amino acid on an adsorbent between a pair of electrodes. In this cell, 
anions migrate toward the positive electrode and cations migrate toward the 
negative electrode. If alanine or other neutral amino acid is dissolved in plain 
water, there is a net migration of amino acid ions toward the positive electrode. 


+ 

СО, ar 
ШЕ RE 
бн, + 

+ 


At its isoelectric point, an amino acid exhibits no net migration toward either 
electrode in an electrophoresis cell. The isoelectric point of a given amino acid is a 
physical constant. The value varies from amino acid to amino acid, but falls into 
one of three general ranges. 

For a neutral amino acid, the isoelectric point, which depends primarily on 
the relative pK, and pK, of the —NH,* and —CO;' groups, is around 5.5-6.0. 

The second carboxyl group in an acidic amino acid means that there is another 
group that can interact with water. А water solution of an acidic amino acid is 
definitely acidic, and the amino acid ion carries a net negative charge. 


Ed т 
HN-C-H Е == a IgM 
CH,CH,CO, Н НОВ. О 


В = net negative charge 
acidic 
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A greater concentration of H* is required to bring an acidic amino acid to the iso- 
electric point than is needed for a neutral amino acid. The isoelectric points for 
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acidic amino acids are near pH 3. 


A basic amino acid has a second amino group that undergoes reaction with 
water to form a positive ion. Hydroxide ions are needed to neutralize a basic 
amino acid and bring it to its isoelectric point. For basic amino acids, we would 
expect the isoelectric points to be above pH 7, and that indeed is the case. These 
isoelectric points are in the range of 9-10. Isoelectric points of some representative 


amino acids are found in Table 19.2. 


CO; 


| 


(CH,), NH, 


TABLE 19.2. Isoelectric points for some amino acids 


Name 


Neutral: 


alanine 


glutamine 


Acidic: 
glutamic acid 


aspartic acid 


Basic: 


lysine 


arginine 


4 
basic— 


Structure 


сер 


МН, 
О 


| 
уулы 
NH, 


BOCA OE 


ш» 


NH; 


genu codi 
NH, 


„үрле се 


NH NH; 


STUDY PROBLEMS 


19.4. Suggest a reason for the fact that the isoelectric point of lysine is 9.74, but that 
for tryptophan (Table 19.1) is only 5.89. (Hint: Think of a reason why the 


heterocyclic N in tryptophan is not basic.) 


el 
HEN 
(CH,),NH, 


net positive charge 


Isoelectric point 


6.00 


5.65 


3.22 


10.76 
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19.5. An amino acid undergoes reaction with two equivalents of the hydrate ninhydrin 
to yield Ri/iemann's purple, а blue-violet product. This reaction is used as a test 
for the presence of amino acids in a sample of unknown composition. Draw the 
principal resonance structures that show the delocalization of the negative 
charge in Ruhemann's purple. 


£ — Se 
ninhydrin 
o- 
\ Íi 
N CIO + ВСН + CO, + H,O 
O O 


Ruhemann’s purple 
(blue-violet) 


SECTION 19.4. 


Synthesis of Amino Acids 


The common amino acids are relatively simple compounds, and the synthesis 
of racemic mixtures of most of these amino acids may be accomplished by standard 
techniques. The racemic mixtures may then be resolved to yield the pure enantio- 
meric amino acids. 

The Strecker synthesis of amino acids, developed in 1850, is a two-step 
sequence. The first step is the reaction of an aldehyde with a mixture of ammonia 
and HCN to yield an aminonitrile. Hydrolysis of the aminonitrile results in the 


amino acid. 
Step 1: 
O OH NH, 
| хн, | -H;O HCN 
(CIBLIC]B| — cm СООКО ze ОСМЕ > RCH CHEN 
acetaldehyde 2-amino- 
propanenitrile 
Step 2: МН, МН, 
| H:O, H* | 
CH CHON — s CH CHCOOH 


(R)(S)-alanine 


Another synthetic route to amino acids is by the amination of an x-halo acid 
with an excess of ammonia. (An excess of NH , must be used to neutralize the acid 
and to minimize overalkylation. See Section 15.5А.) 
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Formation of an x-halo acid (Section 13.3C). 
Br 


(CH,),CHCH,CH,CO,H To (осын ыз Т 
4-methylpentanoic acid 2-bromo-4-methyl- 
pentanoic acid 
Amination: 
NH; 


2NH; | $ 
(CH43),CHCH;CHCO;H E (CH4;CHCH;CHCO; NH;* € 


| Вг” 
Св: 
NH; 


(CH4),CHCH;CHCO;H 
(R)(S)-leucine 


The Gabriel phthalimide synthesis (Section 15.5A) is a more elegant route to 
amino acids. The advantage of this synthesis over direct amination is that over- 
alkylation cannot occur. 

Reductive amination of an x-keto acid is another procedure used to obtain 
racemic amino acids. (Remember, carboxyl groups are not easily reduced.) 


O NH, 

[ н,, NH,, Pd | 
CH CCOH > CH CHCOOH 
an x-keto acid (R)(S)-alanine 


The reactions leading to 2-атіпо acids are summarized in Table 19.3. 


TABLE 19.3. Summary of synthetic routes to x-amino acids 


Reaction Section reference 
Substitution: 
i y 
1) NH 
RCHCO,H сур» RCHCOH 15.5A 


(1) K* phthalimide 
(2) NaOC,H,, RX 
(3) H,0, Н”, heat 


| 
XCH(CO;C;H,), RCHCO,H 15.5А 


Strecker synthesis: 


" 
(1) NH3. —H,0 
ee 
RCH (2) HCN RCHCO,H 19.4 
(3) H,0, Н” 
Reductive amination: 
О МН, 


Hz, NH3, Pd 
————— 


| 
RCHCO,H 11.14D 


|] 
RCCO,H 


EEE 
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SECTION 19.5. 


Peptides 


A peptide is an amide formed from two or more amino acids. The amide link 
between an x-amino group of one amino acid and the carboxyl group of another 
amino acid is called a peptide bond. The following example of a peptide formed from 
alanine and glycine, called a/anylglycine, illustrates the formation of a peptide 
bond. 


= peptide bond 


О О o О 
| | зад lly | 
КОК + H,NCH,COH 3 RATIS a НСО 
CH, CH, 
alanine glycine alanylglycine 
a dipeptide 


Each amino acid in a peptide molecule is called a unit, or a residue. Depending 
upon the number of amino acid units in the molecule, a peptide may be referred 
to as a dipeptide (two units), a tripeptide (three units), and so forth. A polypeptide 
is a peptide with a large number of amino acid residues. What is the difference 
between a polypeptide and a protein? None, really. Both are polyamides con- 
structed from amino acids. By convention, a polyamide with fewer than 50 amino 
acid residues is classified as a peptide, while a larger polyamide is considered to be 
a protein. 

In the dipeptide alanylglycine, the alanine residue has a free amino group 
and the glycine unit has a free carboxyl group. However, alanine and glycine could 
be joined another way to form glycylalanine, in which glycine has the free amino 
group and alanine has the free carboxyl group. 


Two different dipeptides from alanine and glycine: 


| | 
и H;NCH;C—NHCHCOH 
CH; СН, 
alanylglvcine glycylalanine 


The greater the number of amino acid residues in a peptide, the greater the 
number of structural possibilities. Glycine and alanine can be bonded together in 
two ways. In a tripeptide, three amino acids can be joined in six different ways. 
Ten different amino acids could lead to over four trillion decapeptides! 

For purposes of discussion, it is necessary to represent peptides in a system- 
atic manner. The amino acid with the free amino group is usually placed at the left 
end of the structure. This amino acid is called the N-terminal amino acid. The 
amino acid with the free carboxyl group is placed at the right and is called the 
C-terminal amino acid. The name of the peptide is constructed from the names of 
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the amino acids as they appear left-to-right, starting with the N-terminal amino 
acid. 


N-terminal on left C-terminal on right 


О О 
|] Il |] 
H;NCHC— NHCHC—NHCH,COH "a 


CH, ORA 
alanyltyrosylglycine 
a tripeptide 
For the sake of convenience and clarity, the names of the amino acids are 
often abbreviated. We have shown the abbreviations of the twenty common amino 


acids in Table 19.1. Using the abbreviated names, alanyltyrosylglycine becomes 
ala-tyr-gly. 


SAMPLE PROBLEM 


What is the structure of leu-lys-met? 


Solution: О n 
| | 
H,NCHC——NHCHC——NHCHCO,H 
(CH,),CHCH, (СН). МН, CH;CH,SCH, 


leu lys met 


STUDY PROBLEM 


19.6. Give all possibilities for the structure of a tripeptide consisting of ala, gly, and 
phe. (Use abbreviated names rather than structural formulas.) 


SECTION 19.6. 


Bonding in Peptides 


As was mentioned in Section 13.9C, an amide bond has some double-bond 
character due to partial overlap of the p orbitals of the carbonyl group with the 
unshared electrons of the nitrogen. 


—:0: 


e | 
25522 E ed 
=, Ж —— —с=һї 


Evidence for the double-bond character of a peptide bond is found in bond 
lengths. The bond length of the peptide bond is shorter than that of the usual 
C—N single bond: 1.32 À in the peptide bond versus 1.47 À for a typical C—N 
single bond in an amine. 
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32А | —147À 


1.53 А 1) H R 
H.N а C G О 
ae 


4 | 
ВК Jel ОН 
Because of the double-bond character of the peptide bond, rotation of groups 
around this bond is somewhat restricted, and the atoms attached to the carbonyl 
group and to the N all lie in the same plane. X-ray analysis shows that the amino 


acid side chains around the plane of the peptide bond are in a trans type of re- 
lationship. This stereochemistry minimizes steric hindrance between side chains. 


planar — |: уыл 
ZEN H 


side chains are on opposite 
sides of the plane 


SECTION 19.7. 


Determination of Peptide Structure 


The determination of a peptide structure is not an easy task. Complete hydrol- 
ysis in acidic solution yields the individual amino acids. These may be separated 
and identified by such techniques as chromatography or electrophoresis. The 
molecular weight of the peptide may be determined by physical-chemical methods. 
With this information, the chemist can determine the number of amino acid 
residues, the identity of the amino acid residues, and the number of residues of 
each amino acid in the original peptide. But this information reveals nothing about 
the sequence of the amino acids in the peptide. Several techniques have been 
developed to determine this sequence. The first is terminal-residue analysis. 
There are many ways of determining the N-terminal and C-terminal amino acid 
residues; we will mention just one technique for each. 

Analysis for the N-terminal residue can be accomplished by treating the 
peptide with phenyl isothiocyanate, followed by hydrolysis. The isothiocyanate 
undergoes reaction with the free amino group to form a thiourea derivative. 
Careful hydrolysis cleaves the N-terminal residue from the rest of the peptide and 
generates a cyclic structure called a phenylthiohydantoin. This modified end group 
can then be isolated from the reaction mixture and identified. 


О 
x di аг 
C) кыйындын) ов 
К 


phenyl isothiocyanate N-terminal 

thiourea group $ 

— —— 
|| 

i с H,O, H“ Сын 
NEHC—NHCIK S) —— > N | + rest of peptide 
в s 
R 

| 
О 


a phenylthiohydantoin 
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Why cannot the chemist continue to treat the peptide stepwise with phenyl 
isothiocyanate? In each step the N-terminal residue could be broken off until the 
entire peptide was degraded and its order of amino acids determined. To a certain 
extent, this can be done; however, each cycle of thiourea formation and hydrolysis 
results in some internal hydrolysis of the remaining peptide. After about 40 
cycles, the hydrolysis of the peptide is sufficient to produce many smaller peptides, 
each of which has an N-terminal. The phenylthiohydantoin is thus no longer that 
of a single end group, but a mixture from a variety of end groups. 

The C-terminal amino acid residue can be determined enzymatically. 
Carboxypeptidase is a pancreatic enzyme that specifically catalyzes hydrolysis 
of the C-terminal amino acid, but not that of other peptide bonds. 


carboxy peptidase 
Жы атте aa РЕ 


-—— „ +H,O rest of peptide + та 


R R 
C-terminal 
amino acid 
Partial hydrolysis of a peptide to dipeptides, tripeptides, tetrapeptides, and 
other fragments is one technique for determining the order of interior residues. The 
hydrolysis mixture is separated and the order of amino acid residues in each frag- 
ment determined (by end-group analysis, for example). The structures of the frag- 
ments are then pieced together like a jigsaw puzzle to give the structure of the 
entire peptide. 


SAMPLE PROBLEM 


What is the structure of a pentapeptide that yields the following tripeptides when 
partially hydrolyzed? 


gly-glu-arg. glu-arg-gly. arg-gly-phe 
Solution: Fit the pieces together: 
gly-glu-arg 
glu-arg-gly 
arg-gly- phe 


The pentapeptide is gly-glu-arg-gly-phe. 


A new and indirect way of determining the sequence of amino acids in a 
protein molecule is by isolating the portion of a DNA molecule that is responsible 
for the biosynthesis of that protein and then determining the base sequence in the 
DNA fragment (see Section 16.11A). 


SECTION 19.8. 


Synthesis of Peptides 


As a check on a proposed structure for a peptide, a chemist may synthesize 
the peptide from the individual amino acids. The first peptide was synthesized by | 


WEE CT ЖЕ 1 _ | 


_——  ў- --__- 6ч EE EEEEEEEEEOOOOOOeoor 
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Emil Fischer, who in 1902 also put forth the idea that proteins were polyamides. 
The synthesis of ordinary amides from acid chlorides and amines is a straight- 
forward reaction (Section 13.3C): 


RCOCI + КОМН, ——— RCONHR' 


However, the synthesis of peptides or proteins by this route is not straightforward. 
The principal problem is that there is more than one way in which the amino acids 
шау join. 


gly + а ——— gly-ala or ala-gly or gly-gly or ala-ala 
gly-ala + phe ————  phe-gly-ala or gly-ala-phe ог 


gly-ala-gly-ala or phe-phe 


To prevent unwanted reactions, every other reactive group, including reactive 
groups inside chains, must be blocked. By leaving only the desired amino group and 
carboxyl group free, the chemist can control the positions of reaction. 


О O o 


| $ОС1 | | 
BGON > ОВОС ОИН шы 


CCS ВА 


all other reactive 
groups blocked 


The criteria for a good blocking group are (1) that it be inert to the reaction 
conditions needed for forming the desired amide link, and (2) that it be readily 
removable when the synthesis is complete. One such blocking group is a carbamate 
group —inert to the amide-formation reaction, but easily removed in a later step 
without disturbing the rest of the molecule. This approach to peptide synthesis was 
developed in 1932. 


Preparation of carbamate to protect an атто group: 


О 
|] | нсі | ll 
TCE + н,мон.,вона === CH,OC—NHCH,COH 
" Е 
from СЬС=О + CH,CH,0H glycine Вак дава шон 


The amino-blocked glycine could be treated with ЅОСІ, to form the acid 
chloride and then treated with a new amino acid to form an amide. However, acid 
chlorides are highly reactive and unwanted side reactions may occur despite 
blocking. To circumvent this problem, the amino-blocked glycine is usually 
treated with ethyl chloroformate to yield an activated ester. 


| | на П 
[E-NHGHLGOH + Gigoc,H, 9. T миси,сососін, 


Se — MÀ 
amino-blocked ethyl activated ester group 


glycine chloroformate 
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Like an acid chloride, this activated ester can undergo reaction with an amino 
group of another amino acid to give the desired dipeptide. 


] NE г 
{()—сн.ос—мнсн,сососун, + Нисон NL NN 


—C;H,OH 
CH,C,H; 


phenylalanine 
or its ethyl ester 


i i 
(С) -ен.ос-мнсн,с-мненсо,н 


Ch, CAR 


amino-blocked gly-phe 


At this point, the sequence can be repeated to add a third amino acid. When 
the peptide synthesis is complete, the carbamate group is cleaved by reduction to 
yield the free peptide. 


Removal of carbamate blocking group: 


iO ще О 
m [| | Hz, Pd 
CH, coo 5мнен: TO ——— 
' i CH;C,H; 
i 
(Oen. + СО, + H;NCH,C мо 
CH;C,H; 
gly-phe 


STUDY PROBLEM 


19.7. Write the equations illustrating the addition of alanine to the amino-blocked 
gly-phe. 


A. Solid-phase peptide synthesis 


New and better methods of synthesizing peptides are always under investigation. 
One relatively new technique is called solid-phase peptide synthesis, or the Merrifield 
peptide synthesis (after Bruce Merrifield at Rockefeller University, who developed 
the technique). In this type of synthesis, resins hold the C-terminal amino acid by 
the carboxyl group as the peptide 15 being synthesized. The resin is a polystyrene 
that contains about 1% p-(chloromethyl)styrene units. 


CH,Cl 


one 


CHCH,—CHCH z 


a polystyrene resin 
containing p-(chloromethyl)styrene units 
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The amino group of the first amino acid is initially blocked, often as a 
t-butyl carbamate. This amino-blocked amino acid, as the carboxylate, reacts with 
the benzylic chloride groups of the resin to form ester groups (a typical substitution 
reaction between a carboxylate and a benzylic halide). 


О О 


| 
| ll 
(CH,);COC—NHCHCO, + CICH, Se ЖЫ 
| | 


R resin R resin 


The amino-blocking group is removed bv treatment with an anhydrous acid, such 
as HCl in acetic acid; then a second amino-blocked amino acid (with an activated 
carbonyl group) 15 added. 

О E activated 


ll y E 
(CHj),COC —NHCHCO,H Е H:NCHCO;—CH; ње. 


Е К resin 


|o n 
m = cvm EU 
R R resin 


А common technique for activating the —CO,H group (so that it will under- 
go reaction with the amine) is by the addition of dicyclohexylcarbodiimide to the 
carboxylic acid. This compound reacts with the carboxylic acid to yield an inter- 
mediate with a leaving group that can be displaced by the amine in a typical 
nucleophilic acyl substitution reaction. The product is the amide. 


О 
] - 
RCOH - N=C=N = 


dicyclohexylcarbodiimide 


\ a 
? ЕН, ка elimination and 
addition «e proton transfer 
Je | 
j й 
RCNHR’ + { j-N-c-Na-( ) 
the amide the enol tautomer of 


dicyclohexylurea 


In the solid-phase peptide synthesis, the product of this reaction is the 
amino-blocked dipeptide, still bonded to the resin at the carboxyl end. The 
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amino-blocking group is removed, and the process is repeated until the peptide 
synthesis is complete. A controlled cleavage of the resin-ester bond with an acid 
such as anhydrous HF releases the peptide and removes the final amino-blocking 
group. 

The classical type of peptide synthesis is tedious because intermediate 
peptides must be isolated and purified ; however, in a solid-phase peptide synthesis, 
most impurities can simply be washed away from the resin after each step. This 
technique is successful enough that commercial automated peptide synthesizers 
have been developed. 

Unfortunately, solid-phase peptide synthesis techniques are not practical 
for synthesizing large protein molecules in a pure state and in high yields. Poor- 
quality products may result because the resin tends to hold some impurities. 
However, recent advances in " gene-splicing" (page 766) have provided routes to 
high yields of pure peptides and proteins. 


SECTION 19.9. 


Biosynthesis of Peptides 


The biosynthesis of peptides and proteins in a typical cell is accomplished 
by ribonucleic acids (RNA) and enzymes. The various types of RNA, such as 
messenger RNA (mRNA), are synthesized under the direction of DNA in the 
nucleus of the cell (Section 16.11); then these ВМА molecules leave the cell nucleus 
to perform their functions. 

When mRNA leaves the nucleus, it becomes attached to ribosomes, granular 
bodies in the cytoplasm of the cell that are the sites of protein synthesis. А ribosome 
consists of approximately 60% ribosomal КМА (rRNA) and 40% protein. Each 
amino acid is brought to the mRNA and its ribosomes as an ester of one ribose 
unit in a transfer RNA (tRNA) molecule. 


i — OCHS 
О SES 


H,N 


RCHCO OH ester group 


a ribose unit of tRNA 


The mRNA is the template for the protein that is to be synthesized. The series 
of bases on a mRNA molecule is the code that determines the order of incorporation 
of amino acids into a growing protein molecule. (These bases were discussed in 
Section 16.11.) A series of three bases in a row, called a codon, directs the inclusion 
of one particular amino acid. For example, the presence of three uracil bases in a 
row (U-U-U) in a mRNA molecule is a codon for phenylalanine. The codon 
guanine-cytosine-cytosine (G-C- C) signals that alanine is to be incorporated. 

The tRNA with the proper amino acid is able to recognize its proper site 
because tRNA carries an anticodon, a series of three bases that are complementary 
to the codon of mRNA. 


2. Lu LA ү 


Biosvnthesis of Peptides Section 19.9. 869 


— €— 
codon for ala. 1 C 


anticodon for ala: C G G 


tRNA carrying will 


an alanine 


Protein biosynthesis may be likened to an assembly line. Figure 19.1 shows a 
ribosome moving along the mRNA chain (moving to the right in the figure). At 


tRNA 


anticodon 
peptidyl 
transferase 
codon — AR 
mRNA E " 
(a) (b) 


(c) 


FIGURE 19.1. Biosynthesis of a peptide. (a) fMet, or N-formylmethionine (the initiating 
amino acid, with the codon AUG), has become bonded to arg (codon CGA). The next 
amino acid to be added will be phe (codon UUU). (b) The growing peptide chain has 
been transferred to phe. (c) The ribosome has moved along the mRNA chain (to the 
right) so that the peptide chain can be transferred to the next amino acid, /уѕ (codon 
AAG). Adapted from William Н. Brown and Judith A. McClarin, Introduction to 
Organic and Biochemistry, 3rd ed. (Willard Grant Press, Boston, 1981). 
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each codon, a new amino acid is added to the growing protein molecule. Other 
ribosomes follow the first one so that many molecules of the same protein are 
being synthesized simultaneously. When a completed protein molecule reaches the 
end of the mRNA chain, it leaves the site to carry out its own functions in the 
organism. 


SECTION 19.10. 


Some Interesting Peptides 


Although most proteins are relatively large molecules, a peptide need not contain 
thousands of amino acid residues for biological activity. Consider the following 
tripeptide: 


ее | Îl 
"m a C А. —CHCNH; 
H СН, 


Z “NH 
NI 


pyroglutamylhistidylprolinamide 


This tripeptide is a thyrotropic-hormone releasing factor (TRF) that has been 
isolated from the hypothalamus glands of hogs and cattle. Administered to 
humans (intravenously or orally), it stimulates the secretion of thyrotropin, which 
in turn stimulates the secretion of thyroid hormones, the regulators of the body's 
metabolism. 

The structure of TRF exemplifies some commonly encountered structural 
variations in peptides and proteins. The N-terminal amino acid is a derivative of 
glutamic acid: the side-chain carboxyl group has joined with the free amino group 
to form a lactam (a cyclic amide). 


| i ЖЕШ 
HOCCH,CH,CHCOH ZLO Бс нон 
N 
УМН, Н 


glutamic acid pyroglutamic acid 


a lactam 


The C-terminal residue of TRF is an amide of proline. Amides of free carboxyl | 
groups are not at all uncommon in natural protein structures. These are generally 
denoted in the abbreviated structures by adding NH, to the C-terminal: for ex- | 
ample, д/у means —NHCH,CO,H, but gly- NH; means аа | 


O 


Le OE 


| STUDY PROBLEM 
19.8. 
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Give the structural formula for pro-leu-ala- NH;. 


Oxytocin, a pituitary hormone that causes uterine contractions during 
parturition, is another important peptide. Note that oxytocin is a cyclic peptide 
joined by a S—S cystine link. Figure 19.2 shows the structural formula. 


CH;CH; 
boca O О N-terminal 


| 
а age se 
| 


pea CH; 
| | S—S link 
| $ Е 
| | eet C-terminal 
| OH | amide 
о H.C o О О О ) 
] | | ] || 


Кк т ete rer pe marl NICHE 
ui CH;CNH,; ЕЕ 
um. d 

Ü 
ile-tyr-cyS 


FIGURE 19.2. The structure of oxytocin, gln-asn-cyS-pro-leu-gly-NH.. 


SECTION 19.11. 


Classification of Proteins 


Proteins may be roughly categorized by the type of function they perform. 
These classes are summarized in Table 19.4. Fibrous proteins (also called structural 
proteins), which form skin, muscles, the walls of arteries, and hair, are composed 
of long thread-like molecules that are tough and insoluble. 

Another functional type of protein is the class of globular proteins. These are 
small proteins, somewhat spherical in shape because of folding of the protein 
chains upon themselves. Globular proteins are water-soluble and perform 
various functions in an organism. For example, hemoglobin transports oxygen to 
the cells; insulin aids in carbohydrate metabolism; antibodies render foreign 
protein inactive; fibrinogen (soluble) can form insoluble fibers that result in blood 
clots; and hormones carry messages throughout the body. 

Conjugated proteins, proteins connected to a nonprotein moiety such as a 
sugar, perform various functions throughout the body. А common mode of 
linkage between the protein and nonprotein is by a functional side chain of the 


872 Chapter 19 Amino Acids and Proteins 


TABLE 19.4. Classes of proteins 


Class Comments 


Fibrous, or struetural (insoluble): 
collagens form connective tissue; comprise 30°, of mammalian 
protein; lack cysteine and tryptophan; rich in 
hydroxyproline 


elastins form tendons and arteries 
keratins form hair, quills, hoofs, nails; rich in cysteine and 
cystine 


Globular (soluble): 


albumins examples are egg albumin and serum albumin 

globulins an example is serum globulin 

histones occur in glandular tissue and with nucleic acids; rich 
in lysine and arginine 

protamines associated with nucleic acids; contain no cysteine, 
methionine, tyrosine. or tryptophan; rich in 
arginine 


Conjugated (combined with other substances): 


nucleoproteins combined with nucleic acids 

mucoproteins combined with >4°, carbohydrates 

glycoproteins combined with <4°, carbohydrates 

lipoproteins combined with lipids, such as phosphoglycerides or 
cholesterol 


protein. For example, an acidic side chain of the protein can form an ester with an 
—OH group of a sugar molecule. 


SECTION 19.12. 


Higher Structures of Proteins 


The sequence of amino acids in a protein molecule is called the primary structure 
of the protein. However, there is much more to protein structure than just the 
primary structure. Many of the properties of a protein are due to the orientation 
of the molecule as a whole. The shape (such as a helix) into which a protein 
molecule arranges its backbone is called the secondary structure. Further inter- 
actions, such as folding of the backbone upon itself to form a sphere, are called the 
tertiary structure. Interactions between certain protein subunits, such as between 
the globins in hemoglobin (page 875), are called the quaternary structure. The 
secondary, tertiary, and quaternary structures are collectively referred to as the 
higher structure of the protein. 

One protein that has been well-studied in terms of its secondary structure is 
keratin, found in fur and feathers. Each protein molecule in keratin has the shape 
of a spiral, called a right-handed »-helix (Figure 19.3). * Right-handed " refers to the 
direction of the turns in the helix; the mirror image is a left-handed helix. In the 
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Ist turn 


hydrogen 
bonds 


a right-handed helix 


space-filling model of 
carbon-nitrogen backbone 


ball-and-stick model 


FIGURE 19.3. The protein chains in keratin form right-handed x-helices. The 
ball-and-stick model is adapted from C. B. Anfinsen, The Molecular Basis of Evolution 
(John Wiley and Sons, Inc., New York, 1964). The space-filling model is adapted from 
W. H. Brown and J. A. McClarin, Introduction to Organic and Biochemistry, 3rd ed. 
(Willard Grant Press, Boston, 1981). 


mid-1930's, the term “х was coined to differentiate the x-ray pattern of keratin 
from that of some other proteins. 

In keratin, each turn of the helix contains 3.6 amino acid residues. The 
distance from one coil to the next is 5.4 Á. The helix is held in its shape primarily by 
hydrogen bonds between one amide-carbonyl group and an NH group that is 
3.6 amino acid units away (Figure 19.4). The helical shape gives a strong, fibrous, 
flexible product. 

Hydrogen bonding between an z-amino group and a carbonyl group is one 
contributor to the shape of a protein molecule. Other inter- and intramolecular 
interactions also contribute to the higher structure. Some of these interactions are 
hydrogen bonding between side chains, 5—5 cross-links, and зай bridges (ionic 
bonds such as RCO,” *~H,NR between side chains). The most stable higher 
structure 1s the one with the greatest number of stabilizing interactions. (Each 
hydrogen bond lends ~ 5 kcal/mole of stability.) Given a particular primary 
structure, a protein naturally assumes its most stable higher structure. 

Let us look at some other types of protein structure. Collagen is a general 
classification of a tough, strong protein that forms cartilage, tendons, ligaments, 
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FIGURE 19.4. The helix in keratin is held in its shape by hydrogen bonds. 
(Nonparticipating R's and H's have been omitted.) From R. J. Fessenden and J. S. 
Fessenden, Chemical Principles for the Life Sciences (Allyn and Bacon, Inc., Boston, 
1976). 


and skin. Collagen derives its strength from its higher structure of “ super-helices " : 
three right-handed, «-helical polypeptides entwined to form a triple, left-handed 
helical chain. The entwined molecules are collectively called a tropocollagen 
molecule. One of these tropocollagen molecules is about 15 A in diameter and 
2800 A long. The tropocollagen triple helix, like a single helix, is held together by 
hydrogen bonding. 

Gelatin is obtained by boiling collagen-containing animal material; however, 
gelatin is not the same type of protein as collagen. It has been found that the molec- 
ular weight of gelatin is only one-third that of collagen. Presumably, in gelatin- 
formation, the tropocollagen molecule is unraveled and the single strands form 
hydrogen bonds with water, resulting in the characteristic gel-formation. 

Helical structures are not the only type of secondary structure of proteins. 
Another type of structure, referred to as a fj-sheet, or pleated sheet, is found in silk 
fibroin. The pleated sheet is an arrangement in which single protein molecules are 
lined up side by side and held there by hydrogen bonds between the chains (Figure 
19.5). 

The protein chains in silk fibroin are not simply stretched-out zigzag chains. 
Analysis by x-ray diffraction shows repetitive units every 7.0 À. This repetition 
probably arises from a puckering (or *'pleating") in the chains that alleviates 
steric hindrance. It is interesting that silk fibroin contains 46% glycine (no side 
chain) and 38% of a mixture of alanine and serine (small side chains). The lack of 
bulky R groups in these amino acids allows the side-by-side arrangement of protein 
chains in the fibroin structure. 
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FIGURE 19.5. The pleated sheet structure of silk fibroin. From P. Karlson, Introduction to 
Modern Biochemistry, 3rd ed. (Georg Thieme Verlag, Stuttgart, 1968). 


A globular protein depends on a tertiary structure to maintain its intricately 
folded, globular shape. which is necessary to maintain solubility. In а globular 
protein, polar, hydrophilic side chains are situated on the outside of the sphere 
(to increase water-solubility) and nonpolar, hydrophobic side chains are arranged 
on the interior surface, where they may be used to catalyze nonaqueous reactions. 
The unique surface of each globular protein enables it to “recognize” certain 
complementary organic molecules. This recognition allows enzymes to catalyze 
reactions of particular molecules, but not others. 

Hemoglobin, the portion of erythrocytes (red blood cells) that is responsible 
for the transport of oxygen in the bloodstream, is a good example of a globular 
protein. One unit of hemoglobin, which has a ** molecular weight ” of about 65,000, 
contains four protein molecules called globins. Each globin is folded in such a way 
that (1) it fits perfectly with the three other globins to maintain the hemoglobin 
entity, and (2) it forms a molecular crevice of just the right size and shape to hold a 
unit of heme along with its О, molecule. 

Heme (page 762) is a prosthetic group, a nonprotein organic molecule held 
firmly by a protein. It is composed of a porphyrin ring system with a chelated ferrous 
ion in the center. Each heme unit is bound to its globin by a coordinate bond from 
the ferrous ion to the nitrogen in an imidazole ring of histidine, one of the amino 
acids that forms the globin. The ferrous ion also can form a coordinate bond with 
an O, molecule. 
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For heme to function as a transporter of oxygen to the cells, the Fe?* ion 
must release the oxygen readily. Such a release could not occur if Fe?* were 
oxidized to Fe?* and oxygen were reduced. The nonpolar hydrophobic environ- 
ment of the protein around the O, binding site assures that electron-transfer from 
Fe?* to О, does not occur. (Remember that nonpolar solvents cannot support 
ions in solution.) A similar phenomenon is observed in the laboratory when Fe? * 
ions are embedded in polystyrene. Oxygen is attracted, but no oxidation-reduction 
reaction takes place as it would in an ionic medium. 

Carbon monoxide poisoning is the result of CO molecules taking the place of 
O; molecules in hemoglobin. The CO molecules are firmly held by the iron and are 
not as readily released as oxygen molecules. 


SECTION 19.13. 


Denaturation of Proteins 


Denaturation of a protein is the loss of its higher structural features by disruption 
of hydrogen bonding and other secondary forces that hold the molecule together. 
The result of denaturation is the loss of many of the biological properties of the 
protein. 

One of the factors that can cause denaturation of a protein is a change in 
temperature. Cooking an egg white is an example of an irreversible denaturation. 
An egg white is a colorless liquid containing albumins, which are soluble globular 
proteins. Heating the egg whites causes the albumins to unfold and precipitate; 
the result is a white solid. 

A change in pH can also cause denaturation. When milk sours, the change in 
pH arising from lactic acid formation causes curdling, or precipitation of soluble 
proteins. Other factors that can cause denaturation are detergents, radiation, 
oxidizing or reducing agents (which can alter S—S links), and changes in the type 
of solvent. 

Some proteins (skin and the lining of the gastrointestinal tract, for example) 
are quite resistant to denaturation, while other proteins are more susceptible. 
Denaturation may be reversible if a protein has been subjected to only mild de- 
naturing conditions, such as a slight change in pH. When this protein is replaced 
in its natural environment, it may resume its natural higher structure in a process 
called renaturation. Unfortunately, renaturation may be very slow or may not 
occur at all. One of the problems in protein research is how to study proteins 
without disrupting the higher structures. 
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SECTION 19.14. 


Enzymes 


The word enzyme means "in yeast." Even without any knowledge of their struc- 
tures or functions, humans have used enzymes since prehistoric times in the 
production of wine, vinegar, and cheese. Pasteur thought that living yeast cells 
were necessary for fermentation processes. We now know that a living cell is not 
necessary; the proper enzymes, plus reaction conditions that do not cause de- 
naturation, are all that are needed for enzymatic reactions. 

An enzyme is a biological catalyst. А higher animal contains thousands of 
enzymes. Virtually every biochemical reaction 1s catalyzed by an enzyme. Even 
the equilibrium CO, + Н,О = H;CO,isenzyme-catalyzed because the rate of the 
uncatalyzed equilibration does not produce carbonic acid fast enough for an 
animal's needs. 

Enzymes are more efficient catalysts than most laboratory or industrial 
catalysts (such as Pd in a hydrogenation reaction). Biological reactions in humans 
occur at 37°С and in aqueous media. High temperature, high pressure, or very 
reactive reagents (such as NaOH or МАН.) are not available to an organism. 
Enzymes also allow a selectivity of reactants and a control over reaction rate that 
can be obtained with no other class of catalyst. 

All enzymes are proteins. Some are relatively simple in structure; however, 
most are complex. The structures of many enzymes are still unknown. For bio- 
logical activity, some enzymes require prosthetic groups, or cofactors. These 
cofactors are nonprotein portions of the enzyme. А cofactor may be a simple 
metal ion; for example, copper ion is the cofactor for the enzyme ascorbic acid 
oxidase. Other enzymes contain nonprotein organic molecules as cofactors. An 
organic prosthetic group is frequently referred to as a coenzyme. (One coenzyme, 
coenzyme A, was mentioned in Section 13.8.) 

If an organism cannot synthesize a necessary cofactor, the cofactor must be 
present in small amounts in the diet. The active units of many cofactors are 
vitamins. Table 19.5 shows a few cofactors and the corresponding vitamins. 


А. Naming enzymes 


Most enzymes are named after the reactions that they catalyze. The ending 
for an enzyme name is usually -ase. The name may be genera! and refer to a class 
of enzymes that catalyze a general type of reaction. For example, a polymerase 
is any enzyme that catalyzes a polymerization reaction, and a reductase is any 
enzyme that catalyzes a reduction reaction. An enzyme name may also refer to a 
specific enzyme: ascorbic acid oxidase is the enzyme that catalyzes the oxidation of 
ascorbic acid, while phosphoglucoisomerase catalyzes the isomerization of glucose 
6-phosphate to fructose 6-phosphate. 


19.9. 


STUDY PROBLEM 


Suggest the function of each of the following enzymes: (а) ап acetyltransferase; 
(b) phenylaianine hydroxylase; (c) pyruvate dehydrogenase. 
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TABLE 19.5. Some cofactors that contain vitamins 


Name of cofactor Vitamin needed Structure of vitanun 
HO, OH 
vitamin C vitamin C lel == 
(ascorbic acid) | 
НОСН,СН ^o^ O 
CH;CH;OH 
S 
El 
Е ' Р З М СН; 
vitamin В, vitamin B, NH; | 
(thiamine) A CH; 
ХУ 
cH, N 
О 
biotin biotin HN NH 
S (CH;),CO;H 
H4C ? 
coenzyme А pantothenic acid HOCH;C—CHCNHCH;CH,;CO;H 
Н.С OH 
Į 
NAD*^ nicouhic'acidifiaeim) CO;H CNH, 
or nicotinamide e or С) 
(niacinamide) N 
CH,OH 
pyridoxyl phosphate pyridoxine шо GH: Obl 
H,C” ^N 


^ Nicotinamide adenine dinucleotide, a biological oxidizing agent. 


B. How enzymes work 


Some enzymes have been studied in detail, yet there is still much to learn about 
even the well-known enzymes. It is believed that an enzyme fits itself around the 
substrate (the molecule to be acted upon) to form an enzyme-substrate complex. 
The bonds of the substrate may be strained by attractions between itself and the 
enzyme. Strained bonds are of higher energy and are more easily broken; therefore, 
the desired reaction proceeds easily and yields an enzyme- product complex. 

In many cases, the product is not the same shape as the reacting substrate; 
thus the fit between the product and the enzyme is no longer perfect. The altered 


—— — — — n | 
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shape of the product causes a dissociation of the complex, and the enzyme surface 
is ready to accept another molecule of substrate. This theory of enzyme activity is 
called the induced-fit theory. 


Ба. + К =e Ез EQ 
enzyme substrate enzy me-substrate 
complex 
ЕР —— 2 HE P 
enzyme- product enzyme product 
complex 


Enzymes have molecular weights of 12.000-120.000 and higher. Most 
substrates (for example. an amino acid or a unit of glucose) are much smaller 
molecules. The specific location of the large enzyme structure where reaction occurs 
is called the active site. This site is where the prosthetic group (if any) is located. 
Metallic prosthetic groups are thought to serve as electrophilic agents and, in 
this жау. catalyze the desired reactions. In МАО”. the active site is the nicotin- 
amide end of the cofactor. МАО” is readily reduced and therefore catalyzes 
oxidation reactions. 


н О О 
Н H 
H. AV ONH: н ^X PONG, 
R.CHOH — м R.C—O = =H 
H^ N= УН oxidized BC м 
NAD^ NADH 


the reduced form of ХАР” 


The rest of the enzyme molecule is not simply excess molecular weight! 
It is believed that this portion of the enzyme recognizes its substrate and holds it 
in place. It was suggested in the 1890's by Emil Fischer that enzymes are chiral 
molecules and that reactants must complement this chirality in order to undergo 
reaction. Fischer compared the fitting together of the substrate structure and the 
enzyme structure to a Кеу fitting into a lock (see Figure 19.6). 


4 this enantiomer fits 4 this enantiomer 
mud does not fit 
3 ] 
1 3 
2 2 
1 3€3 1 325 
© 2 С 2 
e СЭ 
i ar р = эя жш — — 1 sp NN 
enzyme surface enzyme surface 


FIGURE 19.6. One enantiomer fits on the enzyme surface; its mirror image does not. 
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Recognition may occur by a series of dipole-dipole interactions, by hydrogen 
bonding, or by covalent bonding, in which the stereochemistry must be just right. 
In some cases, the rest of the enzyme molecule is folded to form a hydrophobic 
pocket that holds a nonpolar portion of the substrate in place. (We mentioned this 
type of structure for hemoglobin.) If the nonpolar end of a potential substrate does 
not fit in the pocket correctly, enzyme catalysis diminishes or is nonexistent. 
Therefore, the functional group to be acted upon must fit the active site on the 
enzyme, and the rest of the substrate molecule must fit together with other portions 
of the enzyme molecule for reaction to proceed. This dual type of recognition is the 
basis of the unique specificity of most enzymes. 

Both the active site and the rest of an enzyme are important in enzyme activity. 
Let us look at one reaction in which the active site seems to be the more important 
factor in substrate recognition. The enzyme succinate dehydrogenase catalyzes the 
dehydrogenation of succinic acid to the trans-diacid fumaric acid. (The cis- 
isomer, maleic acid, is not produced in this reaction.) The oxidizing agent in this 
reaction is flavin adenine dinucleotide (FAD), which is reduced by a 1,4-addition 
of two hydrogen atoms (plus two electrons). (We show only the functional portion 
of FAD here.) 


succinate 


uci 
HO,CCH,CH,CO,H а 


succinic acid 


FAD 


HO,C 
x«t MX 
H "CODEC 


fumaric acid 
FADH, 


the reduced form of FAD 


Other diacids, such as oxalic acid, malonic acid, and glutaric acid, inhibit the 
dehydrogenation of succinic acid. 


Inhibitors of succinate dehydrogenase: 


HO;C-—CO,H HO,CCH,CO,H HO,CCH,CH,CH,CO,H 


oxalic acid malonic acid glutaric acid 


Of these diacids, malonic acid has the greatest inhibiting effect. Malonic acid 
is very similar in structure to succinic acid, but is structurally incapable of under- 
going dehydrogenation. If succinic acid contains only 2% malonic acid, the rate 
of enzymatic dehydrogenation of the succinic acid is halved! The probability is 
excellent that malonic acid competes with succinic acid for a position on the active 
site and that malonic acid is attracted and held there preferentially. The presence 
of malonic acid on the active site thus blocks the approach of succinic acid. 
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Summary 


A protein is a polvamide. Hvdrolysis yields x-amino acids of (S)-configuration 
at the x carbon. Amino acids undergo an internal acid-base reaction to yield 
dipolar ions. 


(5). or 1 
о \ со:н Gor 
i  NHCHC—4 2, н.м сен = H,N=C=H 
R R R 
an x-amino acid a dipolar ion 


Essential amino acids are those that cannot be synthesized by an organism 
and must be present in the diet. Acidic amino acids are those with a carboxyl group 
in the side chain (R in the preceding equation). Basic amino acids contain an amino 
group in the side chain. Neutral amino acids contain neither —CO,H nor — МН, 
in the side chain, but may contain OH, SH, or other polar group. Cross-linking in 
proteins may be provided by the SH group in cysteine, which can link with another 
SH in an oxidation reaction: 2 RSH — RSSR + 2H. 

The isoelectric point of an amino acid is the pH at which the dipolar ion is 
electrically neutral and does not migrate toward an anode or cathode. The iso- 
electric point depends on the acidity or basicity of the side chain. 


CO; n CO,” 
+ | OH- | 
H4NCH === _ иш 
(CH;4NH;* (CH;JNH;* 
т H,O, a net positive charge at pH 9.74, no net charge 


Racemic amino acids may be synthesized by a variety of routes, which are 
summarized in Table 19.3, page 860. 

A peptide is a polyamide of fewer than 50 amino acid residues. The N- 
terminal amino acid is the amino acid with a free x-amino group, while the C- 
terminal amino acid has a free carboxyl group at carbon 1. End-group analysis to 
determine the C- and N-terminals and partial hydrolysis to smaller peptides are two 
techniques for peptide structure-determination. 

In the synthesis of a peptide, reactive groups (except for the groups desired 
to undergo reaction) must be blocked. А carbamate group may be used to protect 
an amino group. A solid-phase peptide synthesis provides a blocking group for 
the C-terminal carboxyl group. The biosynthesis of proteins is accomplished by 
RNA. The order of incorporation of amino acids is determined by the order of 
attachment of the bases (N-heterocycles) in mRNA. 

Proteins are polyamides of more than 50 amino acid residues. The order of 
side chains in a protein determines its higher structures, which arise from internal 
and external hydrogen bonding, van der Waals forces, and other interactions 
between side chains. The higher structures of proteins give them a variety of 
physical and chemical properties so that they may perform a variety of functions. 
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Denaturation is the disruption of hydrogen bonds and thus the disruption of the 
higher structure of the protein. 

Enzymes are proteins that catalyze biochemical reactions. Enzymes are 
efficient and specific in their catalytic action. The specificity is provided for by the 
unique shape and by the polar (or nonpolar) groups contained within the enzyme 
structure. Some enzymes work in conjunction with a nonprotein cofactor, which 
may be organic or inorganic. 


STUDY PROBLEMS 


Label each of the following amino acids as acidic, basic. or neutral: (а) isoleucine; 
(b) aspartic acid; (с) аѕрагаріпе; (d)serine; (e)histidine; (f) glutamine. 


Show the possible oxidative coupling products between 1.0 equivalent each of cysteine and 
the following compound: 


i 
HSCH,CNHCHCO,H 
CH,SH 


Predict the products of the reaction of alanine with: (a) dilute aqueous HCl; (Б) dilute 
aqueous KOH; (с) methanol + H5SO, with heat; (d) one equivalent of acetic 
anhydride. 


Suggest a synthesis for valine from 3-methylbutanoic acid. Give the stereochemistry of the 
product. 


Suggest a route to alanine from (R)-lactic acid (2-hydroxypropanoic acid) using a reductive 
amination. What is the stereochemistry of the product? 


Explain the following observations: 


(a) Although saturated carboxylic acids absorb at about 1720 cm ' (5.81 ym) in the 
infrared region, amino acids do not absorb at this position. 
(b) Ifa neutral solution of an amino acid is acidified, the infrared spectrum then shows 


absorption at 1720 cm ''!. 


Outline a Strecker synthesis for: (а) phenylalanine, and (Б) valine. 
(c) What would be the configuration of the chiral carbons in the products? 


—— 


19.17. Predict the major organic products: 


(1) Br;, PBr, 
(2) excess МН, 


(а) CH,CH,CO,H 


О 
(1) CICH,CO,C.H, 
(b) NK (2) НСІ, H,O, heat 
о 
(1) Ма’ ОСН; 
— (2) C,H.CH,CI 
(c) (CO;C;H;) зна H,O, heat 
О 


о 
|] 
(d) (CH,),CHCH,CH + NH, + HCN — 


heat 


(е) Безе +CH,0H + HC] — 
NH, 


19.18. Without referring to the text, match the amino acid with its isoelectric point. 


(a) cysteine (1) 10.76 
(b) aspartic acid (2 630 
(c) proline (3 5.07 
(d) arginine (4) 277 


19.19. Without referring to the text, predict the approximate isoelectric point of each of the 
following amino acids: (a)serine; (b) histidine; (c) glutamic acid; (d) glutamine; 
(e) lysine. 
19.20. Predict the major products: 
(а) Н,МСНСО, + 1.0 equivalent НС ———> 
M 
(b) Н,МСНСО, + 1.0 equivalent НС ——— 
(Cy.NH, 
(с) ^H4NCHCO;H + 1.0 equivalent NaOH -—— 
CH(CH3); 
(d ~H;NCHCO,H + 1.0 equivalent NaOH ——— 
(CH;NH;^ 
19.21. Write equations to represent: (а) dipolar-ion formation of histidine; (b) the equilibria 


between histidine and water; (c) the reaction of histidine with dilute aqueous HCl; 
(d) the reaction of histidine with dilute aqueous NaOH. 
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In the following structure, label: (а) the peptide bond(s); (b)thc N-terminal amino acid; 
(c) the C-terminal amino aetd. 

(d) Is this structure a dipeptide, tripeptide, or tetrapeptide? 

(e) Would this peptide be considered acidie, basie, or neutral? 


jT | 
(CH43),CHCH,CHCNHCHCNHCH ,CO;H 
NH,  CH,CH;SCH, 


Write the structures for (a) glycylglycine, and (Б) alanylleucylmethionine. 


Write the full name and the abbreviated name for each of the following peptides: 


| | 
(а) SUN GTEC ITO 
CH,OH CH;CH(CH), 


1 
(b) С2—Схненс—хненсо,н 
H 


HOCHCH, CH,CH,SCH, 


Give the structures of the principal organic ionic species in the following solutions: 


(a) glyeyllysine in dilute aqueous НСІ 
(b) glycylglutamic acid in dilute aqueous NaOH 
(c) glycyltyrosine in dilute aqueous NaOH 


A globular protein is hydrolyzed by aqueous aeid. When the reaetion mixture is neutralized, 
ammonia is given off. What ean you deduee about the structure of the protein from this 
observation? 


Each of the following peptides is subjected to reaction with an alkaline solution of phenyl 
isothioeyanate, followed by acid hydrolysis. Give the structures of the produets. 


(a) gly-ala (b) ala-gly (c) ser-phe-met 


Each of the peptides in Problem 19.27 is treated with the enzyme carboxypeptidase. What 
products are formed? 


Bradykinin is a pain-causing nonapeptide that is released by globulins in blood plasma as a 
response to toxins in wasp stings. Partial hydrolysis of bradykinin results in the following 
tripeptides: 


ser-pro-phe gly-phe-ser pro-phe-arg arg-pro-pro 
pro-gly- phe pro-pro-gly phe-ser-pro 


What is the amino acid sequenee in bradykinin? 


19.30. 


19.31. 


19.32. 


19.33. 


19.34. 


19.35. 


19.36. 


19.37. 


19.38. 
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A chemist decided to prepare the dipeptide val-ala by the following sequence of reactions. 
Using structural formulas, rewrite each set of reactants and tell what possible products were 
obtained in each case. 


(a) val + SOCI, (b) [preduct(s) from (а)] + ala 


Starting with monomeric amino acids, show how to prepare ala-gly and phe- val and then 
show how these dipeptides can be joined to vield ala-gly-phe-val. (Do not use a solid-phase 
synthesis.) 


Three different codons of mRNA result in the incorporation of isoleucine in a protein: 
AUU. AUC, and AUA. 


(a) What sequences of bases in DNA give rise to these codons? 
(b) What are the corresponding anticodons in tRNA? 


Which of the following structural features would contribute to water-solubility of a protein? 


(a) rich in glutamic acid 

(b) rich in valine 

(c) formation of bundles of helices 

(d) formation of a helix folded into a sphere 
(e) combination with glucose 

(f) combination with cholesterol (page 908) 


Meat can be tenderized by soaking it overnight in a marinade of vinegar, spices. and sugar. 


(a) Why is the meat tenderized in this process? 
(b) Would a water solution of sucrose alone have the same tenderizing effect? 


Match each of the following enzymes (or class of enzymes) with a reaction on the right that 
it might catalyze. (There may be more than one correct answer.) 


(a) a phosphatase (1) Fe?* —— Fet 

(b) a glycosidase (2) cleavage of the N-terminal amino acid 
from a protein 

(c) 2z-1.4-glucan 4-glucanohydrolase (3) sucrose 


fructose + glucose 


(d) an aminopeptidase (4) glucose 6-phosphate ————- glucose 
(e) an oxidase (3) cellulose ————5 glucose 
(f) phosphohexose isomerase (6 amylose ———— glucose 


(7) glucose 6-phosphate ——— 
fructose 6-phosphate 


Which of the following compounds would be most likely to inhibit the enzymatic 
incorporation of nicotinic acid (3-pyridinecarboxylic acid) into NAD+? 
(a) pyridine (b) 3-pyridinesulfonic acid (c) 3-methylpyridine 


(d) adenine (e) acetic acid (f) malonic acid 


The tripeptide pyroglutamylhistidylprolinamide (page 870) is subjected to complete 
hydrolysis with HCl and H,O. What is the structure of each product? 


A peptide containing one equivalent each of tyr, ile, gly, arg, and cyS had no C-terminal 
amino acid and no N-terminal amino acid. Explain. 
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19.39. Suggest a reason for the differences in the isoelectric points of (a) lysine (9.74) and 
histidine (7.59), апа (b) lysine and arginine (10.76). 


19.40. An amino acid with an (К), or D, configuration at the x carbon cannot be enzymatically 
incorporated into protcins. Many D-amino acids are oxidized in a reaction catalyzed by 
D-amino acid oxidase. 


CO,H "ea 


HeC-NH,4 40, —— am 

R R 
This enzyme-catalyzed reaction is very slow for L-amino acids, D-glutamic acid, D-lysine, 
and D-aspartic acid. The reaction is fast for D-proline, D-alaninc, D-methionine. and 
D-tyrosine. 


(a) Would you say that the differences in reaction rate are due to steric hindrance or to 
electronic effects? 

(b) Would you predict that the binding site on the enzyme is polar or nonpolar? 

(c) Which would be likely to undergo this enzymatic oxidation at a faster rate, D-cysteine 
or D-arginine? 


19.41. In sickle-cell anemia, valine replaces a glutamic acid unit of normal hemoglobin. Glutamic 
acid has two codons (GAA and GAG) while valine has four (GUU, GUC, GUA, and 
GUG). Postulate the genetic change that accounts for sickle-cell anemia. 


19.42. The complete hydrolysis of an acyclic nonapeptide yields a mixture of ala, asp. glu, gly. 
leu, lys, phe, tyr, and val. Terminal-residue analysis shows the N-terminal amino acid to be 
val and the C-terminal amino acid to be gly. Partial enzymatic hydrolysis with chymotrypsin, 
which catalyzes preferential cleavage at the carbonyl groups of phe or tyr, yields a 
pentapeptide and a tetrapeptide, among other products. The tetrapeptide is partially 
hydrolyzed to three dipeptides. One dipeptide contains ala and gly; the second contains asp 
and tyr; and the third contains asp and ala. Partial hydrolysis of the nonapeptide with 
irypsin, which catalyzes cleavage at the carbonyl group of lys, yields a pentapeptide and a 
tetrapeptide. The amino acid content of the tetrapeptide is glu, leu, lys, and val. What are 
the two possible structures of the nonapeptide? How could they be differentiated? 


19.43. In mammals, arginine undergoes enzymatic hydrolysis to urea (H,N),C=O, which is 
excreted in the urine, and a basic amino acid called ornithine. What is tne structure of 
ornithine? 


19.44. Treatment of ornithine (see Problem 19.43) with an alkaline solution of H,N—CN yields 
arginine. Suggest a mechanism for this reaction. (Hint: Your first step should be to assign 
ô+ and д— charges to the atoms.) 


19.45. Glutathione is a tripeptide found in most living cells. Partial hydrolysis yields cyS. glu, gly. 
glu-cyS, and cyS-gly. 


(a) What is the amino acid sequence in glutathione? 

(b) It has been discovered that glutamic acid forms a peptide link in glutathione with the 
side chain carboxyl group. rather than the carboxyl group adjacent to the amino group. 
What is the structural formula of glutathione? 


СНАРТЕК 20 


Lipids and Related 
Natural Products 


AM is defined as a naturally occurring organic compound that is insoluble 
in water, but soluble in nonpolar organic solvents such as a hydrocarbon or 
diethyl ether. This definition sounds as if it might include many types of com- 
pounds, and indeed it does. The various classes of lipids are related to one another 
by this shared physical property; but their chemical, functional, and structural 
relationships, as well as their biological functions, are diverse. We will discuss 
here the classes usually thought of as lipids: fats and oils, terpenes, steroids, and a 
few other compounds of interest. (Line formulas are generally used for terpenes 
and steroids, as the following examples show. These formulas were introduced in 
Section 9.16.) 


i к methyl group 


OH isopropyl group 
CH,OCR Е СЕЕ HO 


a fat, or menthol cholesterol 
triglyceride А 
а terpene a steroid 
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SECTION 20.1. 


Fats and Oils 


Fats and oils are triglycerides, or triacylglycerols, both terms meaning "'triesters 
of glycerol." The distinction between a fat and an oil is arbitrary: at room tem- 
perature a fat is solid and an oil is liquid. Most glycerides in animals are fats, 
while those in plants tend to be oils; hence the terms animal fats (bacon fat, 
beef fat) and vegetable oils (corn oil, safflower oil). 

The carboxylic acid obtained from the hydrolysis of a fat or oil, called a 
fatty acid, generally has a long, unbranched hydrocarbon chain. Fats and oils are 
often named as derivatives of these fatty acids. For example, the tristearate of 
glycerol is named tristearin, and the tripalmitate of glycerol is named tripalmitin. 


oe gen е. CH;OH 
CHO;C(CH))«CH; зо —2 CHOH + CHUGH) сон 
СН,О,С(СН,), СН; CH;OH 

tristearin glycerol stearic acid 


(glyceryl tristearate) a fatty acid 


a typical fat 


Fatty acids can also be obtained from waxes, such as beeswax. In these 
cases, the fatty acid is esterified with a simple long-chain alcohol. 


C25Hs,CO2C28Hs7 C27HssCO2C32Hes C,,H3,CO;C,,H;; 
in beeswax їп carnauba wax cetyl palmitate 


in spermaceti 


Most naturally occurring fats and oils are mixed triglycerides—that is, the 
three fatty-acid portions of the glyceride are not the same. Table 20.1 lists some 


TABLE 20.1. Selected fatty acids and their sources 


Name of acid Structure Source 
Saturated: 
butyric CH,;(CH,),CO,H milk fat 
palmitic CH;3(CH;),,CO,H animal and 
plant fat 
stearic CH,(CH;),,.CO,H animal and 
plant fat 
Unsaturated: 
palmitoleic CH,(CH,);CH=CH(CH;),CO,H animal and 
plant fat 
oleic CH,;(CH;);CH=CH(CH;);CO,H animal and 
plant fat 
linoleic CH;(CH;),CH—CHCH;CH-CH(CH;).CO;H plant oils 


linolenic = CH,CH,CH—CHCH,CH—CHCH,CH—CH(CH;CO,H linseed oil 
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representative fatty acids, апа Table 20.2 shows the fatty-acid composition of 
some plant and animal triglycerides. 


TABLE 20.2. Approximate fatty-acid composition of some common fats and oils 


Composition (°° 


Source palmitic stearic oleic linoleic 


corn oil 10 5 45 38 
soybean oil 10 — 25 25 
lard 30 15 45 3 
butter 25 10 35 — 
human fat 25 8 46 10 


* Other fatty acids are also found in lesser amounts. 


Almost all naturally occurring fatty acids have an eren number of carbon 
atoms because they are biosynthesized from the two-carbon acetyl groups in 
acetvlcoenzyme А. 


two carbons an even number 
of carbons 
i 
t 
ЮНЕ scoa E, CH,(CH;44CO;H 
acetylcoenzyme A palmitic acid 


The hydrocarbon chain in a fatty acid may be saturated or it may contain 
double bonds. The most widely distributed fatty acid in nature, oleic acid, con- 
tains one double bond. Fatty acids with more than one double bond are not un- 
common, particularly in vegetable oils; these oils are the so-called polyunsaturates. 

The configuration around any double bond in a naturally occurring fatty 
acid is cis, a configuration that results in the low melting points of oils. A saturated 
fatty acid forms zigzag chains that can fit compactly together, resulting in high van 
der Waals attractions; therefore, saturated fats are solids. If a few cis double bonds 
are present in the chains, the molecules cannot form neat, compact lattices, but 
tend to coil; polyunsaturated triglycerides tend to be oils. Figure 20.1 shows 
models of the two types of chains. 

Triglycerides are one of the three principal foodstuffs, carbohydrates and 
proteins being the other two. As an energy source, triglycerides are the most 
efficient: they provide 9.5 kcal/gram, while the proteins provide 4.4 kcal/gram 
and the carbohydrates provide 4.2 kcal/gram. 

In an organism, ingested fats are hydrolyzed into monoglycerides, di- 
glycerides, fatty acids, and glycerol, all of which can be absorbed through the 
intestinal wall. The organism (1) uses these hydrolyzed or partially hydrolyzed 
fats as raw materials to synthesize its own fats; (2) converts the fatty acids to other 
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A saturated triglyceride 


can fit into a solid lattice 


Е 
- ^ бос 
ии 
CHO,C 
CH,0,C E. 


cannot fit as well into a lattice 


FIGURE 20.1. The shapes of saturated and unsaturated triglycerides. Adapted from 


William H. Brown and Judith A. McClarin, Introduction to Organic and Biochemistry, 
3rd ed. (Willard Grant Press, Boston, 1981). 
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compounds such as carbohydrates or cholesterol; or (3) converts the fatty acids 
10 energy. 


ыш аы Фок CHOH 
CHO;CR Lc CHO.CR + CHOH rH CHOH + RCO,H 
CH;0;CR CH;OH CH,OH CH.OH 

а diglyceride а monoglyceride glycerol a fatty acid 


SECTION 20.2. 


Soaps and Detergents 


The word saponify means `` make soap." Saponification of an ester with NaOH 
yields the sodium salt of a carboxylic acid (Section 13.5C). Saponification of a 
triglyceride yields a salt of a long-chain fatty acid. which is a soap. American 
pioneers used beef or pork fat and wood ashes (which contain alkaline salts, such 
as К.СО,) to make soap. (It was reported by Julius Caesar that Teutonic tribes 
of his era also made soap this way.) 


Saponitication 


CH;O;C(CH;),4CH, CH;OH 
heat 


| 
СНО.С()СН,) СН, + 3NaOH ——— CHOH + 3CH;(CH>),,CO. Ма” 
E 
СН,О,С(СН,), СН, СН,ОН sodium stearate 


tristearin glycerol a soap 


А molecule of a soap contains a long hydrocarbon chain plus an ionic end. 
The hydrocarbon portion of the molecule is hydrophobic and soluble in nonpolar 
substances, while the ionic end is hydrophilic and water-soluble. Because of the 
hydrocarbon chain. a soap molecule as a whole is not truly soluble in water. How- 
ever, soap is readily suspended in water because it forms micelles, clusters of hydro- 
carbon chains with their ionic ends facing the water (see Figure 20.2). 


waler 
апа Ха” ions 


co; "diia CO; 


"ORC GOs 


CO; 
FIGURE 20.2. A micelle of the alkylcarboxylate ions of a soap. 
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The valuc of a soap is that it can emulsify oily dirt so that it can be rinsed 
away. This ability to act as an emulsifying agent arises from two properties of the 
soap. First, the hydrocarbon chain of a soap molecule dissolves in nonpolar sub- 
stances, such as droplets of oil. Second, thc anionic end of thc soap molccule, which 
is attracted to water, is repelled by the anionic ends of soap molcculcs protruding 
from other drops of oil. Because of these repulsions bctween the soap-oil droplets, 
the oil cannot coalesce, but remains suspended. 


in soapy water, oil droplets repel each other because 
of similar charges of soap’s carboxylate groups 


A disadvantage of soaps is that they form insoluble salts (bathtub ring) with 
Ca?*, Mg**, and other ions found in hard water. (“ Softening” water involves 
exchanging these ions for Ма*.) 


2 CH4(CH5),,CO;Na + Са?* ——3À [CH;(CH3);5CO;],Ca + 2 Na* 
sodium stearate calcium stearate 


insoluble 


Most laundry products and many toilet *soaps" and shampoos are not 
soaps, but detergents. А detergent is a compound with a hydrophobic hydro- 
carbon end plus a sulfonate or sulfate ionic end. Because of this structure, a deter- 
gent has the same emulsifying properties as a soap. The advantage of a detergent 
is that most metal alkylsulfonates and sulfates are water-soluble; detergents do 
not precipitate with the metal ions found in hard water. 

One of the first detergents in common use was a highly branched alkyl- 
benzenesulfonate. The alkyl portion of this compound is synthesized by the 
polymerization of propylene and is attached to the benzene ring by a Friedel- 
Crafts alkylation reaction. Sulfonation, followed by treatment with base, yields 
the detergent. 


4CH,—GHOH, = me AW,  — CN 


H4SO, 
"tetrapropylene" 
SO, Na,CO, 
—— 4 = 
SO3H 
SOS (Nav 


a detergent 


Although the microorganisms in septic tanks or sewage-treatment plants 
can break down continuous-chain alkyl groups into smaller organic molecules, 
they cannot degrade branched chains. The reason for this difference in biodegrad- 
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ability is that long-chain hydrocarbons are degraded two carbons ut a time by way 
of a keto ester. Branching interferes with the formation of the ketone group, and 
thus blocks the entire sequence. (FAD, NAD*, and HSCoA, shown іп the 
following equation, are discussed in Sections 13.8 and 19.14B.) 


FAD | H;O 


—PH 


RCH;CH.CSCoA — А9. RCH=CHCSCoA —©— 
он о 
| NAD* ll | HSC [| |] 
RCHCH;CSCoA КАСОС = “Reston: + CHOSC 
—— 


two carbons removed 


To prevent the build-up of detergents in rivers and lakes, present-day 
detergents are designed with biodegradability in mind. One type of biodegradable 
detergent is an alkylbenzenesulfonate with a continuous-chain, rather than a 
branched-chain, alkyl group. Another type of biodegradable detergent is a con- 
tinuous-chain alkylsulfate. 


CH,(CH;),,CH,OSO,~ Na* 


an alkylsulfate detergent 


STUDY PROBLEM 


Write equations for a reaction sequence that would convert triolein into a 
sodium alkylsulfate detergent. 


SECTION 20.3. 


Phospholipids 


Phospholipids are lipids that contain phosphate ester groups. Phosphoglycerides, 
one type of phospholipid, are closely related to the fats and oils. These compounds 
usually contain fatty-acid esters at two positions of glycerol with a phosphate 
ester at the third position. 


O O 
| [| 
О CH;OCR О CH,OCR 
|| | quaternary N | | primary М 
КСО С-Н \ R'CO= С-Н 
T = 
пе кораи CH;OPOCH;CH,NH, 
O O 
a lecithin, a cephalin, 
or phosphatidylcholine or phosphatidylethanolamine 
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Lecithins and cephalins are two types of phosphoglyceride that are found 
principally in the brain, nerve cells, and liver of animals and are also found in egg 
yolks, wheat germ, yeast, soybeans, and other foods. These two types of com- 
pounds are similar to each other in structure. Lecithins are derivatives of choline 
chloride, HOCH;CH;N(CH;),* СГ, which is involved in the transmission of 
nerve impulses. Cephalins are derivatives of ethanolamine, НОСН,СН,МН, . 

Other classes of phospholipids are represented by plasmalogens, which have 
vinyl ether groups instead of ester groups at carbon | of glycerol, and sphingolipids, 
of which sphingomyelin is an example. Sphingomyelin is a phosphate ester, not 
of glycerol, but of a long-chain allylic alcohol with an amide side chain. 


| CH,OCH=CHR 
| 


R'COCH 
o 
CH,OPOCH,CH,NH, 
О 
a plasmalogen 
єн сн _H 
C 
| 
H^ “СНОН 
[| 
CHNHC(CH,),,CH, 
E 


| В 
a 
О 


sphingomyelin 


a sphingolipid 


STUDY PROBLEM 


Hydrolysis of sphingomyelin yields phosphoric acid, choline, a 24-carbon fatty 
acid, and sphingosine. What is the structure of sphingosine? 


Like soaps and detergents, phospholipids contain long-chain, hydrophobic 
hydrocarbon groups. The phosphate-amine end of a phospholipid is hydrophilic. 
Because of these structural features, the phospholipids are excellent emulsifying 
agents. In mayonnaise, it is the phosphoglycerides of the egg yolk that keep the 
vegetable oil emulsified in the vinegar. 

Interest in phospholipids is high because of their occurrence in nerve cells 
and the brain. Some biological functions of these compounds are known, but there 
is still much to learn about their role in biological systems. It is known, for example, 
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that phospholipids are important in the action of cell membranes. These mem- 
branes are formed from proteins associated with a bilayer, or double layer, of 
phosphoglyeeride molecules with their hydrophobic ends pointing inward and 
their hydrophilic ends pointing outward. This bilayer helps form a barricr that 
allows selective passage of water, nutrients, hormones, and wastes in and out of 
the cell (see Figure 20.3). 


H,O 
protein ANININ INI NINININI N. 


Ө, | e -—  — —-- fonic ends 


-——— hydrocarbon ends 


VD unu) 


Qu^ 
Оллл 
(Qua 


e 
protein LTRS I. 


H,O 
FIGURE 20.3. The bilayer of phospholipids in a cell membrane. 


Itis thought that the sphingolipids such as sphingomyelin contribute strength 
to the myelin (nerve cell) sheath by the intertwining of their hydrocarbon chains. 
Phospholipids аге also thought to act as electrical insulation for the nerve cells. 
The myelin sheaths of people with multiple sclerosis (and some other diseases that 
affect this membrane) are deficient in the long hydrocarbon chains. 


SECTION 20.4. 


Prostaglandins 


One of the more exciting areas of biochemical research today is that of the 
prostaglandins. These compounds were first discovered in semen, and it was recog- 
nized that they were synthesized in the prostate gland (hence the name). We now 
know that prostaglandins are found throughout the body and are also synthesized 
in the lungs, liver, uterus, and other organs and tissues. 

Just how the prostaglandins act is still unknown. It is thought that they are 
moderators of hormone activity in the body, a theory that explains their far- 
reaching biological effects. For example, administration of remarkably small doses 
of some prostaglandins stimulates uterine contractions and can cause abortion. 
Imbalances in prostaglandins can lead to nausea, diarrhea, inflammation, pain, 
fever. menstrual disorders, asthma, ulcers, hypertension, drowsiness, or blood 
clots. Aspirin is known to interfere with the biosynthesis of prostaglandins. 
Presumably, the diminished rate of prostaglandin formation ultimately results 
in the reduction of a fever and in the relief of pain. 

Although the structures of the prostaglandins are not particularly complex, 
their structures were not determined until 1962. The prostaglandins are 20-carbon 
carboxylic acids that contain cyclopentane rings. They are biosynthesized from 
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the 20-carbon unsaturated fatty acids (one reason unsaturated fats are necessary 
in a good diet). 


(8Z,11Z,14Z)-eicosatrienoic acid 
(also called homo-y-linolenic acid) 


(5Z,8Z,11Z,14Z)-eicosatetraenoic acid Ше. 
(arachidonic acid) 


CO,H 


PGF,, 


There are several known prostaglandins, but the four shown as products 
in the preceding equations are the most common ones. Although similar to each 
other in structure, the prostaglandins differ in (1) the number of double bonds, and 
(2) whether the cyclopentane portion is a diol or a keto alcohol. The terms PGE,, 
PGF,,, PGE,, and РСЕ,, are symbols for these compounds. PG means prosta- 
glandin, E means the keto alcohol, and Е means the diol. The subscript numbers 
refer to the number of double bonds. (For example, the subscript 1 means one 
double bond.) The subscript « refers to the configuration of the OH at carbon 9 
(cis to the carboxyl side chain). 

The biosynthesis of the prostaglandins probably proceeds by a free-radical 
mechanism. Abstraction of a doubly allylic hydrogen, followed by an allylic 
rearrangement of one double bond, leads to attack by a hydroxyl radical at carbon 
15 of the fatty acid. 


M Dm О 
doubly allylic „ОН 
= CO,H 


20.3. 
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Oxygen adds to carbons 9 and 11, and the cyclopentane ring is formed. 
Oxidation of this peroxy intermediate leads to the keto alcohol, while reduction 
leads to the diol. 


г = = CO,H 
О ON 
N HO 


STUDY PROBLEM 


What products would you expect from the oxidation with hot aqueous KMnO, 
of (а) РСЕ,, апа (Б) РСЕ,,? 


SECTION 20.5. 


Тегрепеѕ 


The odorous components of plants that can be separated from other plant 
materials by steam distillation are called essential oils. Many essential oils, such 
as those from flowers, are used in perfumes. Most essential oils are mixtures of 
terpenes, a class of natural products found in both plants and animals. The name 
comes from turpentine, which is rich in terpenes. 

All terpenes appear to have been constructed by the head-to-tail joining of 
isoprene skeletal units. (The head is the end closer to the methyl branch.) Terpenes 
may contain two, three, or more isoprene units. Their molecules may be open-chain 
or cyclic. They may contain double bonds, hydroxyl groups, carbonyl groups, or 
other functional groups. A terpene-like structure that contains elements other 
than C and H is called a terpenoid. 
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head tail 


CH; " 
: r4 
CH;—CCH-CH; 
isoprene 


tail head 


CH; | | CHE a terpene 
| | A 
CH,C=CHCH,—CH,CCH=CH, or | = 
| 


tail head 


CH; | | CH; a terpenoid | 

| | м р | 

CH,C—CHCH,—CH,C—CHCH,OH ог | 
| 


T 
head CH 
RM 
| | с, 
tail — | | Or 
CHa „СНОН ОН 
СН 


/ 
н.с GH, 


Although the idea is appealing, terpenes do not arise from polymerization of 
isoprene. The first step in terpene biosynthesis is an enzymatic ester condensation 
of the acetyl portions of acetylcoenzyme A. Intermediates in the formation of 
terpenes are the pyrophosphates (diphosphates) of mevalonic acid and a pair of 
isopentenyl alcohols. An abbreviated biosynthetic route to terpenes and cholesterol 
is found in Figure 20.4. (The phosphate groups are not shown in the figure.) 


i Н.С CH,CO,H 
{ 5 = eo 
ce | OH E | 
acetylcoenzyme A CH, оо | 
5 ll 
EE > 
OO 
mevalonic acid pyrophosphate 
LEG CH 
ыы Бе 3 NM д 2 
C ii | 
+ 
l оо СН, ОО 1 
"v П JI N П 1 | 
Н ic E EM ee | 
(- 0) 0707 


isopentenyl pyrophosphates 


un ua E S loe a 
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CH,OH ра CH,OH 


HO 


cholesterol 
a steroid 


FIGURE 20.4. Abbreviated biosynthetic path from acetylcoenzyme A to cholesterol. (The 
Conversion of squalene to lanosterol, including stereochemistry, is shown in Figure 
20.5.) 
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Terpenes are categorized by the number of pairs of isoprene units they con- 


tain: 
monoterpenes : two isoprene units 
sesquiterpenes : three isoprene units 
diterpenes: four isoprene units 
triterpenes: six isoprene units 
tetraterpenes : eight isoprene units 


A. Monoterpenes 


Monoterpenes, with skeletons that contain only two isoprene units, are the simplest 
of the terpenes. Yet, even monoterpenes exhibit a variety of structures. (Although 
some terpenes and terpenoids, such as geraniol, are found in a variety of organisms, 
we have indicated sources especially rich in the following compounds.) 


Acyclic monoterpenes: 
j 
CH;OH CH 
SQ 2 Sy 

geraniol citral (geranial) 

їп roses in lemongrass 
Cyclic monoterpenes: 

е N О 
limonene menthol camphor х-ріпепе 
in citrus fruits in mini from camphor trees in turpentine 


SAMPLE PROBLEM 


Show the isoprene units in citral and in camphor. 


Solution: 
CHO 


X 1 


STUDY PROBLEM 


20.4. Show the isoprene units in menthol and х-ріпепе. 
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Bridged ring systems, such as in camphor and a-pinene, are not uncommon 
in terpenes. Camphor is an example of a compound with a bicyclo[2.2. 1] hneptane 
skeleton. The prefix bicyclo- refers to a system in which two rings share two or more 
carbon atoms between them (that is, fused rings). The numbers [2.2.1] represent 
the number of carbon atoms in each "arm " of the ring system. (An arm consti- 
tutes the carbon atoms between bridgehead carbons.) 


onc C 
/ 


pum / 
bridgehead У Í | $ 
carbons ers two C's \ | two C's 


bicyclo[2.2. 1]heptane 
(norbornane) 


Bridged systems are invaluable for mechanistic studies because the rings are 
frozen into one conformation. For example, the six-membered ring in camphor 
is frozen into a boat form, rather than the usual chair form. 

Unless the ring size is quite large, bridged rings must have cis ring junctures. 
Overlap of orbitals to form a trans ring juncture would be sterically impossible. 


cis 
СН, trans is 100 
H LH H 


H strained to exist 


Another restriction of bridged rings, called Bredt's rule, is that the bridgehead 
carbon cannot be doubly bonded. A model of a bridged system such as in camphor 
or pinene will demonstrate that the geometry is wrong for p-orbital overlap. 
Bredt's rule does not apply to fused rings that share only two carbons or to large 
rings that can accomodate a trans double bond. 


AY AY 


stable no double bond here 


B. Higher terpenes 


We have shown several examples of monoterpenes, which are common in 
plants. Some higher terpenes of interest are squalene (found in yeast, wheat germ, 
and shark liver oil) and /anosterol (a component of lanolin, which is obtained from 
wool fat). Both these compounds are intermediates in the biosynthesis of steroids. 
The conversion of squalene to lanosterol is an important one that will be discussed 
shortly. (See Figure 20.4 or 20.5 for the structures of these two compounds.) 
Natural rubber is a polyterpene that we have already discussed (Section 9.17B). 
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Carrots contain an orange-colored tetraterpene called carotene. (1f a person 
eats too many carrots, the deposition of carotene will color his skin orange. How- 
ever, time is a cure for this condition.) Carotene can be cleaved enzymatically into 
two units of vitamin А. (The role of vitamin A in vision will be discussed in Chapter 
21.) 


fl-carotene 


an orange tetraterpene 


[О] 


SS HoH 


all-trans-vitamin A 


C. Reactions of terpenes 


Terpenes undergo reactions typical of their functional groups. For example, 
addition to alkene double bonds can occur. 


SAMPLE PROBLEM 
Predict the produci of addition of HCl 10 limonene. (Remember Markovnikov's rule.) 


Solution: CI 


CI 


"S 


Terpene structures contain secondary and tertiary carbon atoms and often 
contain double bonds. Addition of H * to a double bond can lead to a carbocation, 
which then can undergo rearrangement to a more stable carbocation (Section 
56G). Rearrangements of terpene skeletons are very common. For example, 
the addition of НСІ to a-pinene does not yield a product with the x-pinene ring 
system intact. Instead, bornyl chloride, with a bornane ring system, is obtained. 


A — = 
т 


s a 


х-ріпепе bornyl chloride 
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The sequence of reactions leading from squalene to lanosterol, which occurs 
in the biosynthesis of steroids, shows many of the features of terpene reactions. 
This sequence is shown in Figure 20.5. The first step is an enzymatic epoxide for- 
mation. Next, the epoxide oxygen is protonated and the epoxide ring is opened, 


Epoxide formation and protonation: 


[О] 


+ 


н а 
carbocation 


new carbocation 


FIGURE 20.5. The conversion of squalene to lanosterol. 
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leaving a carbocation. The formation of this carbocation sets in motion а con- 
certed series of electron shifts that results in the ring closures of four rings and yields 
the steroid ring system. The ring closures are followed by hydride and methyl 
shifts to yield lanosterol. И is amazing that this whole sequence is catalyzed by 
only one enzyme, squalene oxide cyclase! 


SECTION 20.6. 


Pheromones 


Humans communicate by talking, using sign language, painting pictures, or 
writing letters (or books). But insects and some animals communicate chemically. 
A chemical secreted by one individual of a species that brings forth a response in 
another individual of the same species is called a pheromone (from the Greek 
phero, " carrier"). Insect pheromones called alarm pheromones signify danger. 
Pheromones are also used to recruit others; for example, a pheromone secreted 
by one bee helps alert other bees to the location of a food source. Insect sex 
attractants are another class of pheromones. 

Extremely small quantities of a pheromone can elicit the desired response. 

A typical female insect may carry only 1078 gram of sex attractant, yet that is 
enough to attract over a billion males from miles away! A male gypsy moth can 
“smell” a female at a distance of 7 miles. 

Pheromone chemistry is an exciting and vigorous field of research that 
includes natural-product isolation, structure identification, synthesis, and 
biological studies. It is an area of study that also is of immediate practical value. | 
For example, sex-attractant pheromones have been used for insect control. In l 
some cases, male insects may be lured by a sex-attractant pheromone, trapped, 
and then sterilized and released to mate unproductively with the females. 

Many insect pheromones are not complex in structure. Geraniol and citral, | 
both terpenes, are recruiting pheromones for honeybees, while isoamyl acetate 
(not a terpene) is a bee alarm pheromone. (Isoamyl acetate is also the principal 
odorous component of banana oil.) 


< CH;OH T CHO 
i 
| | CH,COCH,CH,CH(CH;), 
3-methylbutyl acetate 
geraniol citral (іѕоату! acetate) 


The following compounds are sex attractants for a few different species of 


insects: 
О О 
M. | 
cis-(CH 4); CH(CH;),CHCH(CH ;);CH, cis- CH,(CH;),CH—CH(CH;),0CCH; 
gypsy moth cabbage looper 


CH,OH 


cis-CH4(CH;),,CH—CH(CH;);CH, 
boll weevil house fly 
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STUDY PROBLEM 


20.5. The formula for the atarm pheromone for one species of ant is С.Н, О. When 
treated with 1, and NaOH, this pheromone yietds todoform and n-hexanoic 
acid. What is the structure of the pheromone? 


SECTION 20.7. 


Steroids 


We have mentioned steroids several times. Now let us take a more detailed 
look at these compounds. A steroid is a compound that contains the following 
ring system. The four rings are designated A, B, C, and D. The carbons are num- 
bered as shown, starting with ring A, progressing to ring D, then to the angular 
(bridgehead) methyl groups, and finally to a side chain if it is present. 


21 
18 СН, 


cholestane 


Many steroids may be named as derivatives of this structure, which 1$ called 
cholestane. (Steroid nuclei with different side chains also have names; however, 
we will not present them here.) 


4-cholesten-3-one 


a steroid with a cholestane skeleton 


A. Conformation of steroids 


Recall from Section 4.5B that the more stable isomer of a 1,2-dialkylcyclohexane 
is the one with both substituents equatorial. А trans-]1,2-disubstituted cyclohexane 
can exist in a preferred conformation in which both substituents are equatorial, 
while the cis-isomer must have one axial substituent and one equatorial substituent. 
The trans-isomer is therefore the more stable one. 


H H 
CH CH 
Р more stable than : 
СН, Н 
Н СН, 


trans (e,e) cis (a,e) 
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One ring fused to another in the 1,2-positions can be cis or trans. The follow- 
ing structures represent cis- and trans-decalin. 


H 
H 
cis-decalin: CO or H 
H 
H 
trans-decalin: vE or е, 
n H 


To verify that these two formulas represent cis and trans ring junctures, 
make the models. Alternatively, check the hydrogens on the ring-juncture carbons. 
They, too, must be cis at a cis ring juncture or trans at a trans ring juncture. 

Note that when ring В is trans on ring А, ring А is also trans on ring B. 


B is trans on A A is also trans on B 


As may be seen in the formulas for trans- and cis-decalin, the trans ring junc- 
ture is e,e, while the cis ring juncture is a,e. The trans-isomer is more stable than 
the cis-isomer by about 3 kcal/mole. The steroid nucleus contains three ring 
junctures (4/B, B/C, and C/D). In nature, these are usually the more stable trans 
ring junctures (but we will encounter an exception later in this chapter). 


CH, 


-—— 


trans ring junctures 


SAMPLE PROBLEM 


Tell whether each of the following ring junctures 1$ cis, trans, or neither: 


G H 3 C H 3 
ba н k ы эл. 
(a) Je emm (b) OK x _ — =. 


H 
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CH, єн, 
чей i) jo 4. 
(c (с 
H H 


Solution: (a) trans. (b) neither (why пог”): (с) rans; (d) neither. 


Groups substituted on a steroid ring system may be below or above the plane 
of the ring as the ring system is generally drawn. A group that is below the plane 
(trans to the angular methyl groups) is called an x group, while one that is above the 
plane (cis to the angular methyl groups) is called a f group. (Do not confuse this 
use of x and f with their use in carbohydrate chemistry, where they refer to groups 
only at the anomeric carbon. In both classes of compounds, however, f denotes а 
group projected upward in the usual conformational formula, while « denotes a 
group projected downward.) 


angular methyl groups 


es 


CH, R 


Ld 
CH, H 


& H 


В: up cis to angular methyl groups) 


The terms x and В may be used in the names of steroids to designate the stereo- 
chemistry of substituents. In the name, х or В immediately follows the position 
number for the substituent. 


СН, OH carbon 17 
ОН 


О 
17z-ethynyl-178-hydroxy-4-estren-3-one 


an oral contraceptive, usually called norethinodrone 


STUDY PROBLEMS 


20.6. Draw conformational formulas for: 
(a) cholestane (b) 3z-cholestanol (c) norethinodrone 


20.7. Which is the more stable isomer, 3x-cholestanol or 3fi-cholestanol? Why? 
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B. Some important steroids 


Cholesterol is the most widespread animal steroid and is found in almost all 
animal tissues. Human gallstones and egg yolks are especially rich sources of 
this compound. Cholesterol is a necessary intermediate in the biosynthesis of the 
steroid hormones; however, since it can be synthesized from acetylcoenzyme A, 
it is not a dietary necessity. High levels of blood cholesterol are associated with 
arteriosclerosis (hardening of the arteries), a condition in which cholesterol and 
other lipids coat the insides of the arteries. Whether or not the level of cholesterol 
in the blood can be controlled by diet is still a topic of controversy. 


CH, H ОНЫ 


НО 


cholesterol 
(5-cholesten-3f-ol) 


A steroid related to cholesterol, 7-dehydrocholesterol, which is found in the 
skin, is converted to vitamin D when irradiated with ultraviolet light. This reaction 
is discussed in Section 17.5. 

Cortisone and cortisol (hydrocortisone) are two of 28 or more hormones 
secreted by the adrenal cortex. Both these steroids alter protein, carbohydrate, and 
lipid metabolism in ways not entirely understood. They are widely used to treat 
inflammation due to allergies or rheumatoid arthritis. Many related steroids with 
a carbonyl or hydroxyl group at carbon 11 have similar activity. 


ane a a a 


carbon 11 О О 
| 
о.) CH, CCH,OH 
"ОН 
о | 
cortisone cortisol | 


Sex hormones are produced primarily in the testes or the ovaries; their | 
production is regulated by pituitary hormones. The sex hormones impart secondary | 
sex characteristics and regulate the sexual and reproductive functions. Male | 
hormones are collectively called androgens; female hormones, estrogens; and | 
pregnancy hormones, progestins. | 

In pregnant females, the presence of progesterone suppresses ovulation | 
and menstruation. Synthetic progestins, such as norethynodrel (Enovid), are used 
to suppress ovulation as a method of birth control. 
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Androgens: CH, OH 
wH 
H,C 
о 
testosterone androsterone 
the principal male hormone a metabolized form of testosterone 
Estrogens: CH; OH CH; 


HO 
estradiol estrone 
Progestins: 
CH CH 
з сен, з 5 TI 
О 
progesterone norethynodrel 
suppresses ovulation a synthetic progestin 


Bile acids are found in bile, which is produced in the liver and stored in 
the gall bladder. The structure of cholic acid, the most abundant bile acid, follows. 
Cholic acid, as well as other bile acids, has a cis A/B ring juncture instead of the 
usual trans А/В ring juncture. 


HO 
CH, 


CO,H 


HO OH 
CH, 


" | | 
cis juncture CH, CH(CH,),COH 


linked to 
an amino acid 


OH 


cholic acid 
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Bile acids are secreted into the intestines in combination with sodium salts 
of either glycine or taurine (H;NCH;CH,SO,H). The bile acid-amino acid link 
is an amide link between the carboxyl group of the bile acid and the amino group 
of the amino acid. In this combined form, the bile acid-amino acid acts to keep 
lipids emulsified in the intestines, thereby promoting their digestion. 


i 
RCO,H + H;NCH,OO;- Na* “== RCNHCH,CO,= е" 
2 
cholic acid sodium salt of an emulsifying agent 


glycine 


STUDY PROBLEM 


What structural features of cholic acid combined with glycine allow it to act as 
an emulsifying agent? 


Summary 


Fats and oils are triglycerides: triesters of glycerol and long-chain fatty acids. 
Generally, oils (liquid) contain more unsaturation than fats (solid). Fatty acids 
contain even numbers of carbon atoms and cis double bonds. 

A soap is the alkali-metal salt of a fatty acid. A detergent is a salt of a sulfonate 
or sulfate that contains a long hydrocarbon chain. Naturally occurring waxes 
are esters of fatty acids and long-chain alcohols. 

Phosphoglycerides, such as lecithins and cephalins, generally contain 
glycerol esterified with two fatty acids and a phosphatidylamine. Other phos- 
pholipids may differ in structure, but all contain long hydrocarbon chains plus a 
phosphate group and an amino group. 

Prostaglandins, thought to be moderators of hormone activity, are 20- 
carbon carboxylic acids containing a cyclopentane ring plus hydroxyl groups. one 
or more double bonds, and sometimes a keto group. They are biosynthesized from 
unsaturated, 20-carbon fatty acids. 

Terpenes, found in both plants and animals, have the skeletons of diisoprene, 
triisoprene, etc. They are not synthesized from isoprene, but from acetylcoenzyme 
A, and are the precursors of steroids. Functional groups may also be present in 
terpene structures. 

A pheromone is a chemical secreted by one individual of a species (notably 
insects) that elicits a response in another individual of the same species. Generally 
of simple structure, pheromones are used to signify danger or food, or to act as 
sex attractants. 


20.10. 


20.11. 


20.12. 


20.13. 


20.14. 


20.15. 
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Cholesterol, cortisone, the sex hormones, and the bile acids аге all steroids, 
compounds that contain the following ring system: 


STUDY PROBLEMS 


A mixed triglyceride contains two units of stearic acid and one unit of palmitoleic acid. 
What are the major organic products when this triglyceride is treated with: 


(a) an excess of dilute aqueous NaOH and heat? 
(b) H;.copper chromite catalyst, heat, and pressure? 
(c) bromine in CCl,? 


What are the major organic products of ozonolysis, followed by oxidative work-up, of each 
ofthe following fatty acids? (a) palmitic acid; (b) palmitoleic acid; (с) linoleic acid; 
(d) linolenic acid. 


How would you distinguish chemically between: (а) tripalmitin and tripalmitolein ; 

(b) beeswax and beef fat; (c) beeswax and paraffin wax; (d) linoleic acid and linseed oil; 
(e) sodium palmitate and sodium p-decylbenzenesulfonate; (Г) a vegetable oil and a motor 
оп? 


Hydrolysis of trimyristin, a fat obtained from nutmeg, yields only one fatty acid, myristic 
acid. This same acid can be obtained from 1-bromododecane (the 12-carbon, 
continuous-chain alkyl bromide) and diethyl malonate in a malonic ester synthesis. What 
are the structures of myristic acid and trimyristin? 


Which of the following compounds would show detergent activity? 
ike 
(a)  CH;,OSOALi (6) CH,(CH;),CH(CH,),0SO,K 


(с) снусн„,сн.—@ `ў—зо,хн, (d) СНУ(СН„),СН,ОН 


A fat of unknown structure is found to be optically active. Saponification, followed by 
acidification, yields two equivalents of palmitic acid and one equivalent of oleic acid. What 
15 the structure of the fat? 


Starting with tristearin as the only organic reagent, show by equations how you would 
prepare a wax. 
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20.16. Write the structures of the products of complete hydrolysis of each of the following 
phosphoglycerides with dilute aqueous NaOH: 


СН;(СН,) СОСН, 
(а) ено о- 
CH,OPOCH,CH;,N(CH,), CI- 
|| 
СНУ(СН,)„СО,СН; 
И son И т o 
C Om © 
I 


20.17. Cerebrosides are glycosphingolipids that are found primarily in the sheaths of nerve cells. 
What fatty acid and sugar would be isolated from hydrolysis of the following cerebroside in 
acidic solution? 


ше е 
si 
CHOH 
HOCH, n 
HO О OCH,CHNHC(CH;);;CH,; 
OH 


OH 


20.18. Indicate the isoprene units and classify each structure as a monoterpene, sesquiterpene, or 


diterpene: 
CH; 
(a) (b) 
H 
СН, 
CH(CH3) 
caryophyllene in oil of balsam 


(oil of cloves) 


20.19. Write formulas for: 
(a) bicyclo[3.2.0]heptane (b) bicyclo[3.1.1 ]heptane (c) bicyclo[3.2.1 octane 


20.20. Name the following ring systems: 


(a) À (b) C» (c) C7 


Study Problems 


20.21. Predict the possible products of E2 elimination of the following alkyl chlorides: 


(a) cis-1-chloro-2-methylcyclohexane (b) 
H 
CI 


20.22. The structure of the aggregating pheromone of the bark beetle follows: 


What are the organic products of its reaction with: (a) excess Вг, in CCl,; (b) excess 
gaseous HBr (по О, or peroxides); (с) hot KMnO, solution? 


20.23. Tell whether the substituents or the ring junctures in the following compounds are cis or 
trans: 


(d) Mo (а (f) 


20.24. Which structure of each of the following pairs is more stable? Why? 


CH, 
CH; 
H 
(2) 


а) 


CH; 
(b) e ay H 
H H OH H 


а) (2) 


сн, 


913 


914 


20.25. 


20.26. 


20.27. 


20.28. 


20.29. 


20.30. 


20.31. 
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Draw the structure of each of the following steroids. (Acetoxy- means CH,CO,—.) 


(a) S-cholesten-32-ol 

(b) 1-cholesten-3-one 

(c) 4,6-cholestadien-3f-ol 

(d) 3f-acetoxy-62,7f-dibromocholestane 


How would you separate a mixture of estradiol and testosterone? 


The structure of the bile acid desoxycholic acid is shown below. Redraw the structure 
showing the conformation of the ring system. 


When cholic acid is treated with acetic anhydride, one monoacetate is formed preferentially. 
What is the structure of this monoacetate and why is it formed preferentially? 


Suggest mechanisms for the following terpene rearrangements: 


OH 
E H* 
(a) GRON = 


А” 


A biochemist prepared the following samples of mevalonic acid labeled with carbon-14. The 
three mevalonic acids were fed to a series of plants. Later, the isopentenyl alcohols from the 
plants were isolated. In which position would the carbon-14 be found in each of the product 
isopentenyl alcohols? 


он aE E 
(a) srn (b) CH,CCH,CO,H (с) ome Me 
CH,CH,OH CH,—!*CH,OH CH,CH,OH 


In a plant, two isopentenyl alcohol molecules combine to yield geraniol (see Figure 20.4). 
Identify the position of carbon-14 in geraniol arising from the labeled mevalonic acid in 
Problem 20.30(b). 


20.32. 


20.33. 


20.34. 


20.35. 


20.36. 


Study Problems 915 


Citronellal (C,H, QO) is a terpenoid that undergoes reaction with Tollens reagent to yield 
citronellic acid (C, 5H ,O;). Chromate oxidation of citronellal yields acetone and 
HO,CCH,CH(CH,)CH,CH,CO,H. What is the structure of citronellal? 


When cholesterol is treated with Br;, a dibromide I is formed. When I is heated, another 
dibromide H is formed. I and H are isomers that differ only in the ring juncture between 
rings А and B (one dibromide has a trans А/В ring juncture; the other has a cis А/В ring 
juncture). 


(a) Give the conformational structures of I and П. 
(b) Show the mechanism for the formation of I. 
(c) Explain why heating causes the ring juncture to change. 


The synthesis of the acyclic monoterpene а//оосітепе was accomplished by the following 
route. What is the structure of alloocimene? (Show the structures of the intermediate 
products in your answer.) 


\ 
NaC=CH C,H;,MgB 
CH,CCH,CH, ———> А — ==". B 
(1) (CH3);CHCHO н, H* | 
"лл ә ——————9 223.5 › 
(2) H;O С poisoned Pd D heat alloocimene 


The terpenoid pino! (C, 4H; О) can be obtained by the treatment of the dibromide of 
a-terpineol with NaOC,H,. What is the structure of pinol? (Hint: Consider the 
stereochemistry of the intermediates.) 


OH 


о -terpineol 


Suggest a synthesis for a-terpineol from readily available, open-chain starting materials. 
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Spectroscopy II: 
Ultraviolet Spectra, 
Color and Vision, Mass Spectra 


Е Chapter 8, we discussed the absorption of infrared and radiofrequency 
radiation by organic compounds and how the absorption can be used in struc- 
ture identification. In this chapter, we will consider the absorption of ultraviolet 
(uv) and visible light by organic compounds. Ultraviolet and visible spectra are 
also used in structure determination. More important, the absorption of visible 
light results in vision; we will also discuss this topic, along with colors and dyes. 
Last, we will introduce mass spectra, which arise from fragmentation of molecules 
when they are bombarded with high-energy electrons. 


SECTION 21.1. 


Ultraviolet and Visible Spectra 


The wavelengths of uv and visible light are substantially shorter than the wave- 
lengths of infrared radiation (see Figure 8.2, page 313). The unit we will use to 
describe these wavelengths is the nanometer (1 nm = 107? cm). The visible spec- 
trum spans from about 400 nm (violet) to 750 nm (red), while the ultraviolet 
spectrum ranges from 100 to 400 nm. 

The quantity of energy absorbed by a compound is inversely proportional 
to the wavelength of the radiation: 


hc 
AE = hv = — 
n 7 


where AE = energy absorbed, in ergs 
h = Planck’s constant. 6.6 x 10-27 erg-sec 
у = frequency, in Hz 
с = speed of light, 3 x 10!? cm/sec 
À = wavelength. in cm 


21.41. 


Ultraviolet and Visible Spectra Section 2 1.1. 917 


Infrared radiation is relatively low-energy radiation. Absorption of infrared 
radiation by a molecule leads to increased vibrations of covalent bonds. Molecular 
transitions from the ground state to an excited vibrational state require about 
2-15 kcal/mole. 

Both uv and visible radiation are of higher energy than infrared radiation. 
Absorption of ultraviolet or visible light results in electronic transitions, promotion 
of electrons from low-energy, ground-state orbitals to higher-energy excited-state 
orbitals. These transitions require about 40-300 kcal/mole. The energy absorbed 
is subsequently dissipated as heat, as light (see Section 21.7), or in chemical 
reactions (such as isomerization or free-radical reactions). 

The wavelength of uv or visible light absorbed depends on the ease of 
electron promotion. Molecules that require more energy for electron-promotion 
absorb at shorter wavelengths. Molecules that require /ess energy absorb at 
longer wavelengths. Compounds that absorb light in the visible region (that is, 
colored compounds) have more-easily promoted electrons than compounds that 
absorb at shorter uv wavelengths. 


absorption at 100 nm (иу) —— —— 750 nm (visible) 
increasing ease of electronic transition 


STUDY PROBLEM 


Which would have the more-easily promoted electrons, anthracene (colorless) 
or Tyrian purple? 


anthracene Tyrian purple 


A uv or visible spectrophotometer has the same basic design as an infrared 
spectrophotometer (see Figure 8.5, page 316). Absorption of radiation by a sample 
is measured at various wavelengths and plotted by a recorder to give the spectrum. 
(Figure 21.1 shows a typical uv spectrum.) 

Since energy absorption by a molecule is quantized, we might expect that 
the absorption for electronic transitions would be observed at discrete wavelengths 
as a spectrum of lines or sharp peaks. This is not the case. Rather, a uv or visible 
spectrum consists of broad absorption bands over a wide range of wavelengths. 
The reason for the broad absorption is that the energy levels of both the ground 
state and the excited state of a molecule are subdivided into rotational and vi- 
brational sublevels. Electronic transitions may occur from any one of the sub- 
levels ofthe ground state to any one of the sublevels of an excited state (Figure 21.2). 
Since these various transitions differ slightly in energy, their wavelengths of absorp- 
tion also differ slightly and give rise to the broad band observed in the spectrum. 
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FIGURE 21.1. Ultraviolet spectrum of mesityl oxide, 9.2 x 1075 M, 1.0-cm cell. 


sublevels 
JE] | 
ши 
= — 
лб, 
Е 
KE 
E sublevels 
| 


FIGURE 21.2. Schematic representation of electronic transitions from a low energy level 
to a high energy level. 


SECTION 21.2. 


Expressions Used in Ultraviolet Spectroscopy 


Figure 21.1 shows the uv spectrum of a dilute solution of mesityl oxide (4-methyl- 
3-penten-2-one). The spectrum shows the scan from 200-400 nm. (Because 
absorption by atmospheric carbon dioxide becomes significant below 200 nm, 
the 100-200 nm region is usually not scanned.) The wavelength of absorption is 
usually reported as max, the wavelength at the highest point of the curve. The 
Я пах For mesityl oxide is 232 nm. 

The absorption of energy is recorded as absorbance (not transmittance as in 
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infrared spectra). The absorbance at a particular wavelength is defined by the 
equation: 


ly 
А = log 
= 


where А = absorbance 
[о = intensity of the reference beam 
I — intensity of the sample beam 


Ш 


The absorbance by a compound at a particular wavelength increases with ап 
increasing number of molecules undergoing transition. Therefore the absorbance 
depends on the electronic structure of the compound and also upon the concen- 
tration of the sample and the length of the sample cell. For this reason, chemists 
report the energy absorption as molar absorptivity = (sometimes called the molar 
extinction coefficient) rather than as the actual absorbance. Often, uv spectra are 
replotted to show e or log e instead of A as the ordinate. The log ғ value is especially 
useful when values for e are very large. 


A 


cl 


where е = molar absorptivity 
A — absorbance 
с = concentration, in M 
1 = cell length, in cm 


The molar absorptivity (usually reported at the /,,,,) is a reproducible value 
that takes into account concentration and cell length. Although = has the units 
M~' cm7}, it is usually shown as a unitless quantity. For mesityl oxide, the £max 
is 1.2 + (9.2 x 10^? x 1.0), or 13,000 (values taken from Figure 21.1). 


SAMPLE PROBLEM 


A flask of cyclohexane is known to be contaminated with benzene. At 260 nm, 
benzene has a molar absorptivity of 230, and cyclohexane has a molar 
absorptivity of zero. A uv spectrum of the contaminated cyclohexane (1.0-cm 
cell length) shows an absorbance of 0.030. What is the concentration of benzene? 


E^... "2 — 0.00013M 
wd Зоо и“ 


Solution 


SECTION 21.3. 


Types of Electron Transitions 


Let us consider the different types of electron transitions that give rise to ultra- 
violet or visible spectra. The ground state of an organic molecule contains valence 
electrons in three principal types of molecular orbitals: sigma (с) orbitals; pi (л) 
orbitals ; and filled, but nonbonded, orbitals (л). 


920 


Chapter 21 Spectroscopy Il 


Both c and z orbitals are formed from the overlap of two atomic or hybrid 
orbitals. Each of these molecular orbitals therefore has an antibonding o* or z* 
orbital associated with it. An orbital containing 7 electrons does not have an anti- 
bonding orbital (because it was not formed from two orbitals). Electron transitions 
involve the promotion of an electron from one of the three ground states (o, л, or n) 
to one of the two excited states (с* or z*). There are six possible transitions; the 
four important transitions and their relative energies are shown in Figure 21.3. 


o* 
пе nog* 
nom* < 150 kcal 
< 105 kcal (> 185 nm) 
(> 270 nm) е "U^ 
а is < 170 keal > 170 kcal 


(> 165 nm) (< 165 nm) 


g 


FIGURE 21.3. Energy requirements for important electronic transitions. (The 
corresponding wavelengths are in parentheses.) 


The most useful region of the uv spectrum is at wavelengths longer than 
200 nm. The following transitions give rise to absorption in the nonuseful 100-200 
nm range: л — л* for an isolated double bond and с — o* for an ordinary 
carbon-carbon bond. The useful transitions (200-400 nm) аге л — z* for com- 
pounds with conjugated double bonds, and some n — o* and n —z* transitions. 


A. Absorption by polyenes 


Less energy is required to promote a z electron of 1,3-butadiene than is needed 
to promote a z electron of ethylene. The reason is that the energy difference 
between the HOMO (Highest Occupied Molecular Orbital) and the LUMO 
(Lowest Unoccupied Molecular Orbital) for conjugated double bonds is less than 
the energy difference for an isolated double bond. Resonance-stabilization of the 
excited state of a conjugated diene is one factor that decreases the energy of the 
excited state. 


T — д" 
For СН.=СН.: ==. 

а îl " Ї 

R4*—— ag 


аы] тул = : 
Fig CHZ-SCHICH--GHE T — Е сас i 


O слу _ —— энин»: 4 


21.3. 


Tvpes of Electron Transitions Section 21.3. 921 


Because less energy is needed for a x > z* transition of 1,3-butadiene, this 
diene absorbs uv radiation of longer wavelengths than does ethylene. As more 
conjugated double bonds are added to a molecule, the energy required to reach the 
first excited state decreases. Sufficient conjugation shifts the absorption to wave- 
lengths that reach into the visible region of the spectrum; a compound with 
sutficient conjugationis colored. For example, lycopene, the compound responsible 
for the red color of tomatoes, has eleven conjugated double bonds. (Line formulas, 
such as the following one, are described in Section 9.16A.) 


cx 


Table 21.1 lists the 4,,,, values for x — л* transitions of a series of aldehydes 
with increasing conjugation. Inspection of the table reveals that the position of 
absorption is shifted to longer wavelengths as the extent of the conjugation in- 
creases. Generally, this increase is about 30 nm per conjugated double bond in a 
series of polyenes. 


Cu Ro ON NS Wo WS NS NS 


lycopene 
Ama = 205 nm 


TABLE 21.1. Ultraviolet absorption for some unsaturated aldehydes 


Structure À maxa Л? 


CH,CH=CHCHO 21 
CH,(CH=CH),CHO 270 
OH,(CH=CH);CHO 312 
CH,(CH=CH),CHO 343 
CH,CH—CH)CHO 370 


STUDY PROBLEMS 


List the following all-trans-polyenes in order of increasing ^ 


(а) СН,(СН=СН), „СН; (Ы) CH,(CH=CH),CH, 
(c) CH,(CH=CH),CH, 


тах • 


The А, for Compound (а) in Problem 21.2 is 476 nm. Predict the 4,,,, values 


for Compounds (b) and (c). 


max 


B. Absorption by aromatic systems 


Benzene and other aromatic compounds exhibit more-complex spectra than 
can be explained by simple л — z* transitions. The complexity arises from the 
existence of sereral low-lying excited states. Benzene absorbs strongly at 184 nm 
(= = 47,000) and at 202 nm (= = 7,000) and has a series of absorption bands 
between 230-270 nm. A value of 260 nm is often reported as the /,,,, for benzene 


922 
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because this is the position of strongest absorption above 200 nm. Solvents 
and substituents on the ring alter the uv spectra of benzene compounds. 

The absorption of uv radiation by aromatic compounds composed of fused 
benzene rings is shifted to longer wavelengths as the number of rings is increased 
because of increasing conjugation and greater resonance-stabilization of the 
excited state. 


o co ob ooo 


benzene naphthalene phenanthrene anthracene 
А мах = 260 nm Amax = 280 nm Amax = 350 nm ДЕ EB nm 


naphthacene pentacene coronene 
Алах = 450 пт ых = 575 пт ae = 400 nm 
(yellow) (blue) (yellow) 


STUDY PROBLEM 


Suggest a reason why coronene absorbs at a shorter wavelength than does 
naphthacene. 


C. Absorption arising from transitions of л electrons 


Compounds that contain nitrogen, oxygen, sulfur, phosphorus, or one of the 
halogens all have unshared л electrons. If the structure contains no л bonds, 
these л electrons can undergo only n > o* transitions. Because the n electrons are 
of higher energy than either the c огл electrons, less energy is required to promote 
an n electron, and transitions occur at longer wavelengths than o — o* transitions. 
Note that some of these values are within the usual uv spectral range of 200— 
400 nm (Table 21.2). The л* orbital is of lower energy than the c* orbital; conse- 
quently, п > z* transitions require less energy than n — o* transitions and often 
are in the range of a normal instrument scan. 

The л electrons are in a different region of space from o* and z* orbitals, and 
the probability of an n transition is low. Since molar absorptivity depends on the 
number of electrons undergoing transition, = values for n transitions are low, in the 
10-100 range (compared to about 10,000 for a x — л* transition). 

A compound such as acetone that contains both a л bond and л electrons 
exhibits both x — z* and n — л* transitions. Acetone shows absorption at 187 nm 
(x > л*) and 270 nm (n > л*). 
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TABLE 21.2. Ultraviolet absorption arising from n — д* transitions 


Structure Jae WM Е 


CH,OH 177 200 
(СН), 199 3950 
CH,Ql: 73 200 
CH;CH;CH,Br: 208 300 
GHJ: 259 400 


"o E 
| 


Electron transitions of acetone, CH4CCH,: 


Fm E 
= ШЕ jtd - 
11 
x | © 
р пэ п* дэ д* 
excited state excited state 
л* 
„НН 
n 
л 


ground state 


SECTION 21.4. 


Color and Vision 


Color has played a significant role in human society ever since people first 
learned to color clothes and other articles. Color is the result of a complex set 
of physiological and psychological responses to wavelengths of light of 400- 
750 nm striking the retina of the eye. If all wavelengths of visible light strike the 
retina, we perceive white; 1f none of them do, we perceive black or darkness. If a 
small range of wavelengths hits the eye, then we observe individual colors. Table 
21.3 lists the wavelengths of the visible spectrum with their corresponding colors 
and complementary colors, which we will discuss shortly. 

Our perception of color arises from a variety of physical processes. А few 
examples of how light of a particular wavelength may be directed to the eye follow: 
(1) The yellow-orange color of a sodium flame results from the emission of light 
with a wavelength of 589 nm; the emission is caused by excited electrons returning 
to lower-energy orbitals. (2) A prism causes a diffraction of light that varies with 
the wavelength; we observe the separated wavelengths as a rainbow pattern. 
(3) Interference results from light being reflected from two surfaces of a very thin 
film (e.g., soap bubbles or bird feathers). The light wave reflected from the farther 
surface is reflected out of phase with the reflection from the nearer surface, resulting 
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TABLE 21.3. Colors in the visible spectrum 


Wavelength, nm Color Complementary (subtraction) color 
400-424 violet green-yellow 

424-49] blue yellow 

491-570 green red 

570-585 yellow blue 

585-647 orange green-blue 

647—700 red green 


in wave interference and cancellation of some wavelengths; hence, we see color in- 
stead of white. 

The fourth, and most common, process that leads to color is the absorption 
of light of certain wavelengths by a substance. Organic compounds with extensive 
conjugation absorb certain wavelengths of light because of n > z* and n  z* 
transitions. We do not observe the color absorbed, but we see its complement, 
which is reflected. A complementary color, sometimes called a subtraction color, 
is the result of subtraction of some of the visible wavelengths from the entire visual 
spectrum. For example, pentacene (page 922) absorbs at 575 nm, in the yellow 
portion of the visible spectrum. Thus, pentacene absorbs the yellow light (and, to a 
lesser extent, that of the surrounding wavelengths) and reflects the other wave- 
lengths. Pentacene has a blue color, which is the complement of yellow. 

Some compounds appear yellow even though their /,,,, 1s in the ultraviolet 
range of the spectrum (for example, coronene, page 922). In such a case, the tail 
of the absorption band extends from the ultraviolet into the visible region and 
absorbs the violet to blue wavelengths. Figure 21.4 depicts the spectrum of such a 
compound. 


A. Mechanism of vision 


The human eye is an amazingly intricate organ that converts photons of light 
into nerve pulses that travel to the brain and result in vision. The mechanism of 
the eye is remarkably sensitive. About one quantum of light energy is all that is 
necessary to trigger the mechanism resulting in a visual nerve pulse. We can detect 


ultraviolet visible 


300 400 500 
Wavelength, nm ——» 


FIGURE 21.4. A compound witha 2 max in the uv region may also absorb light in the 
visible region. 
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аз few as five quanta of light. (For comparison, a typical flashlight bulb radiates 
about 2 x 10'* quanta per second.) 

The eve contains two types of photoreceptor— the rods and the cones. The 
cones contain pigments and are responsible for color vision and for vision in 
bright light. Animals that lack cones are color-blind. The rods are responsible for 
black and white photoreception and for vision in very dim light. While more is 
known about rods than cones, much is still to be learned —for example, how the 
nerve impulse is generated. 

In the rods, light is detected by a reddish-purple pigment called rhodopsin, 
or visual purple (2, = 498 nm). Rhodopsin is formed from an aldehyde called 
11-сіѕ-ғегіпа! and a protein called opsin. These two components of rhodopsin 
are bonded together by an imine link between the aldehyde group of 11-сїз- 
retinal and an amino group in opsin. As is frequently the case with protein com- 
plexes, opsin has a shape that holds the 11-cis-retinal in a pocket. Compounds 
with other shapes do not fit into this pocket. In the combined form, the imine bond 
joining | 1-cis-retinal and opsin is protected by the rest of the opsin molecule and is 
not readily hydrolyzed. 

the 11 -cis 


p^ double bond 


s = НЕО 
sS N—oOpsin == 


tlie imine bond 


11-cis-retinal < А 


xx ж 
Y 
CH=N—opsin 
rhodopsin 


When a photon of light (Av) strikes rhodopsin, the rhodopsin undergoes a 
series of transformations to intermediates called metarhodopsins. In this process, 
the nerve impulse is generated, and the double bond at carbon 11 of the 11-cis- 
retinal is converted from cis to trans. All-trans-retinal does not fit in the pocket of 
opsin, and the imine bond becomes exposed when the isomerization occurs. The 
imine link (of metarhodopsin II) is thus cleaved, and the all-trans-retinal is 
released. 


nerve impulse 


H cis ы 
ce Аа 


< hv 7 
4+ metarhodopsin! -——— 
~ 
CH-N-—opsin 
rhodopsin trans 
H / 
CHO 
H;O Ss SS 
metarhodopsin И ———— B ^ +H,N—opsin 
H 


all-trans-retinal 
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How does the isomerization of the cis double bond at carbon 11 occur? The 
process is not yet entirely understood. Possibly the absorption of light causes the 
promotion of one pi electron from the bonding orbital to an antibonding orbital. 
In this excited state, there is no overlap between the two p orbitals, the energy 
barrier for rotation is lower, and rotation can occur fairly easily. (However, newer 
evidence supports the theory that the isomerization step is a concerted reaction 
with no intermediate, initiated by protonation of the imine nitrogen.) 


R UR к UR RH R H 
hy с = o a 
с Е “бе —— cd Ce 
E AE. ха cM 
H H R H R 


cis trans 


Rhodopsin must be regenerated for vision to be sustained. One way this 
occurs is by a photo-induced reconversion of metarhodopsin I back to rhodopsin. 
(This reaction is the reverse reaction of the first step in the flow equation shown 
on page 925.) After hydrolysis of the imine, all-trans-retinal also can be photo- 
isomerized to 11-cis-retinal, which can then reform rhodopsin. 

In dim light, these reverse reactions are less likely to occur, and the all- 
trans-retinal undergoes a multistep chemical conversion. In this process, the 
all-trans-retinal undergoes enzymatic reduction to all-trans-vitamin A, which is 
transported to the liver where it is isomerized to 11-cis-vitamin A. The 11-cis- 
vitamin A then is transported back to the eye, where it is oxidized to 11-cis-retinal, 
which can again combine with opsin. (Figure 21.5 summarizes the chemistry of 
the visual cycle.) 


HO 
Wen Ws a A A ew Жл, “сыш 
(еуе) 


all-trans-retinal all-rrans-vitamin A 
> Ки a [О] oa 
— ———— 
(liver) (eye) 
Ss “ч, 
CH,OH CHO 
1]-cis-vitamin A 11-cis-retinal 


nerve impulse 


E 


hv : 5 
= metarhodopsin I ———  metarhodopsin П 
y 
| 


opsin — opsin 


" hv 3 
ll-cis-retinal «————— all-trans-retinal 


Ё [e 


11-cis-vitamin А <———  all-trans-vitamin A 
(liver) 


FIGURE 21.5. Summary of transformations in the visual cycle. 
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SECTION 21.5. 


Colored Compounds and Dves 


Nature abounds with color. Some colors, such as those of hummingbird or 
peacock feathers, arise from light diffraction by the unique structure ofthe feathers. 
However, most of Nature's colors are due to the absorption of certain wavelengths 
of visible light by organic compounds. 

Before the theories of electronic transition were developed, it was observed 
that some types of organic structures give rise to color, while others do not. The 
partial structures necessary for color (unsaturated groups that can undergo 1  z* 
and n — z* transitions) were called chromophores, a term coined in 1876 (Greek 
chroma, " color." and phoros, " bearing "). 


Some chromophores: 


SW A d mum : " il 
a c= —N=N— -—NO, С 


It was also observed that the presence of some other groups caused an in- 
tensification of color. These groups were called auxochromes (Greek auxanein, 
"to increase "). We now know that auxochromes are groups that cannot undergo 
л > л* transitions, but can undergo transitions of n electrons. 


Some auxochromes: 


—O0H —OR =N; —NHR = NR; =X 


In the following discussion of natural colored compounds and dyes, note 
the presence of these chromophores and auxochromes. 


A. Some natural colored compounds 


Naphthoquinones and anthraquinones are common natural coloring materials. 
Juglone is a naphthoquinone that is partly responsible for the coloring of walnut 
hulls. Lawsone is similar in structure to juglone; it is found in Indian henna, which 
is used as a red hair dye. A typical anthraquinone, carminic acid, is the principal 
red pigment of cochineal, a ground-up insect (Coccus cacti L.) that is used as a red 
dye in food and cosmetics. Alizarin (page 929) is another red dye of the anthra- 
quinone class. 


OH о О CH; о OH WE.) 
Qno QOL TSE 
HO OH 
О О HO,C O OH 
juglone lawsone carminic acid 


У Most red and blue flowers owe their coloring to glucosides called antho- 
cyanins. The nonsugar portion of the glucoside is called an anthocyanidin and is a 
type of flavylium salt (see below). The particular color imparted by an anthocyanin 
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depends, in part, on the pH of the flower. The blue of cornflowers and the red of 
roses are due to the same anthocyanin, суапїп. In a red rose, cyanin is in its phenol 
form. In a blue cornflower, cyanin is in its anionic form, with a proton removed 
from one of the phenolic groups. In this respect, cyanin is similar to acid-base 
indicators, which will be discussed in Section 21.6. 


loss of this proton 
changes the color 


from red to blue OH 
/ 
A O 
L 
ү 
НО 
O— glucose 
О — glucose 

суапіп cyanidin choride 
in red roses a flavylium salt 


The term flavylium salt comes from the name for flavone, which itself is a 
colorless compound. The addition of a 3-hydroxyl group leads to flavonol, which 
is yellow (Latin, flavus, “yellow "). 


Оо. , CeH; о. , CeH, 
OH 
О О 
flavone flavonol 
colorless yellow 


B. Dyes 


A dye is a colored organic compound that is used to impart color to an object or a 
fabric. The history of dyes goes back to prehistoric times. /ndigo (page 929) is the 
oldest known dye; it was used by the ancient Egyptians to dye mummy cloths. 
Tyrian purple (page 917), which was obtained from Murex snails found near the 
city of Tyre, was used by the Romans to dye the togas of the emperors. Alizarin 
(page 929), also called Turkey red, was obtained from the roots of the madder 
plant and was used in the 1700's and 1800's to dye the red coats of British soldiers. 

There are numerous colored organic compounds; however, only a few are 
suitable as dyes. To be useful as a dye, a compound must be fast (remain in the 
fabric during washing or cleaning). To be fast, a dye must, in one way or another, 
be bonded to the fabric. А fabric composed of fibers of polypropylene or a similar 
hydrocarbon is difficult to dye because it has no functional groups to attract dye 
molecules. Successful dyeing of these fabrics can be accomplished, however, by 
the incorporation of a metal-dye complex into the polymer. Dyeing of cotton 
(cellulose) is easier because hydrogen bonding between hydroxyl groups of the 
glucose units and groups of the dye molecule hold the dye to the cloth. Polypeptide 
fibers, such as wool or silk, are the easiest fabrics to dye because they contain 
numerous polar groups that can interact with dye molecules. 
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A direct dye is a dye that is applied directly to cloth from a hot aqueous solu- 
tion. If the fabric to be dyed has polar groups, such as those found in polypeptide 
fibers, then the incorporation of a dye with either an amino group or a strongly 
acidic group will render the dye fast. Martius yellow is a typical direct dye. The 
acidic phenol group in Martius yellow undergoes reaction with basic side chains 
in wool or silk. 


он iQ 
NO, NO, 
| + H;N—fibr —— ОО H,N—fiber 
NO, 


Martius yellow 


A vat dye is a dye that is applied to fabric (in a vat) in a soluble form and then 
is allowed to undergo reaction to an insoluble form. The blue coats supplied by the 
French to the Americans during the American Revolution were dyed with indigo, 
a typical vat dye. Indigo was obtained by a fermentation of the woad plant (/satis 
tinctoria) of Western Europe or of plants of the /ndigofera species, found in 
tropical countries. Both types of plants contain the glucoside indican, which can 
be hydrolyzed to glucose and indoxyl, a colorless precursor of indigo. Fabrics 
were soaked in the fermentation mixture containing indoxyl, then were allowed 
to air dry. Air oxidation of indoxyl yields the blue, insoluble indigo. Indigo is 
deposited in the cis form, which undergoes spontaneous isomerization to the 
trans isomer. 


OH о n оО 4H 
N 
(Qo + Ооо — O10 
N N N N 
H H H H О 
indoxyl cis-indigo trans-indigo 


A mordant dye is one that is rendered insoluble on a fabric by complexing 
or chelation with a metal ion, called a mordant (Latin mordere, “to bite"). The 
fabric is first treated with the metal salt (such as one of Al, Cu, Co, or Cr), then 
treated with a soluble form of the dye. The chelation reaction on the surface of 
the fabric results in а fast dye. One of the oldest mordant dyes is alizarin, which 
forms different colors depending upon the metal ion used. For example, alizarin 
gives а rose-red color with Al?* and a blue color with Ba? *. 


т 


оо” 


alizarin-aluminum chelate 
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Azo dyes are the largest and most important class of dyestuffs, their numbers 
running into the thousands. In azo-dyeing, the fabric is first impregnated with an 
aromatic compound activated toward electrophilic substitution, then is treated 
with a diazonium salt to form the dye. This diazonium coupling reaction is 
discussed in Section 10.14. 


МН, OH 
НО,5 SO,H 
“H-acid” a diazonium ion 


a key intermediate for 
hundreds of azo dyes 


NH, OH OH NH, 
OT 2 "XQ. 
7035 SO,” OS SOR 


Direct Blue 2B 


SECTION 21.6. 


Acid- Base Indicators 


An acid—base indicator is an organic compound that changes color with a change 
in pH. These compounds are most frequently encountered as titration endpoint 
indicators. Test papers, such as litmus paper, are impregnated with one or more 
of these substances. 

Two typical indicators are methyl orange and phenolphthalein. Methyl 
orange is red in acidic solutions that have pH values less than 3.1. It 1s yellow in 
solutions with pH values greater than 4.4. Phenolphthalein, on the other hand, 
changes color on the alkaline side of the pH range. Up to pH 8.3, phenolphthalein 
is colorless. At pH 10, it is red. In strongly alkaline solutions, it again becomes 
colorless. 


methyl orange: red orange yellow 
— ce о 
рН: picem 7 зо o 1b 19 № 14} 
——— д EE сше 
phenolphthalein: colorless red colorless 


Indicators change color because the chromophoric system is changed by an 
acid-base reaction. In acidic solution, methyl orange exists as a resonance hybrid 
of a protonated azo structure; this resonance hybrid is red. The azo nitrogen is 
not strongly basic, and the protonated azo group loses the hydrogen ion at about 
pH 4.4. The loss of the proton changes the electronic structure of the compound, 
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resulting in a change of color from red to yellow. Figure 21.6 shows spectra of 
methyl orange at two different pH values. 


F о-( NS )- eno. 


methyl orange 
yellow т base 


red in acid 


in acid 


in base pj 


400 500 600 
Wavelength, nm ——» 


FIGURE 21.6. Visible spectra of methyl orange in acidic and alkaline solutions (pH 1 and 
13, respectively). 


The commercial value of phenolphthalein is that it serves as the active 
ingredient in “candy” and "gum" laxatives. However, phenolphthalein is also 
one of the best-known titration indicators. In acidic solution, phenolphthalein 
exists as a colorless lactone. In the lactone, the center carbon is in the sp?-hybrid 
state; consequently, the three benzene rings are isolated, not conjugated. 

At pH values greater than 8.3 (alkaline solution), a phenolic hydrogen 1$ 
removed from phenolphthalein, the lactone ring opens, and the center carbon 
becomes sp?-hybridized. In this form, the benzene rings are in conjugation, and 
the extensive pi system gives rise to the red color that is observed in mildly alkaline 
solution. Figure 21.7 shows these reactions. 

In strongly alkaline solution, the center carbon of phenolphthalein is 
hydroxylated and is converted to the sp? state. This reaction isolates the three pi 
systems again. At high pH values, phenolphthalein is colorless. Again, refer to 
Figure 21.7. 
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FIGURE 21.7. The acid—base reactions of phenolphthalein. 


STUDY PROBLEM 


21.5: 


One of the following indicators is blue-green at pH 7; the other is violet. Which 
is which? Explain your answer. 


т) ЖУА 
(а) C 


N(CH,); 


ey: рте 
(b) E 


-———— eee 
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SECTION 21.7. 


Fluorescence and Chemiluminescence 


When a molecule undergoes absorption of ultraviolet or visible light, an electron 
is promoted from the ground state to an excited singlet state. (Singlet refers 
to a state in which electrons are paired; see the footnote on page 407.) Immediately 
after promotion (on the order of 10^ !! sec), the electron drops to the lowest- 
energy excited singlet state. One of the ways in which an excited molecule with 
electrons in this lowest-energy singlet state can return to the ground state is 
to lose its energy as light. This process is also fast (107? sec). The energy lost by 
this emission of light is slightly /ess than the energy that was initially absorbed. 
(The difference results in increased molecular motion.) Consequently, the wave- 
length of light emitted is slightly longer than that which was absorbed. 


excited singlet state 


lowest excited singlet state 


E absorbed 


E emitted 


ground state 


A compound that absorbs light in the visible range appears colored. When the 
same compound emits light of a different wavelength, it appears two-colored, or 
fluorescent. An example of a fluorescent compound is fluorescein, which has been 
used as a marker for airplanes downed at sea. In aqueous solution and in the 
presence of light, fluorescein appears red with an intense yellow-green fluorescence. 


fluorescein 


Some fluorescent compounds, called optical bleaches, are used as fabric 
whiteners. These are colorless compounds that absorb ultraviolet light just out 
of the visible range, then emit blue-violet light at the edge of the visible spectrum. 
This blue-violet color masks yellowing of the fabric. 


Two optical bleaches: 


SO, Ма” 
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CH 
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Calcofluor SD 
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Chemiluminescence is a phenomenon in which (1) a chemical reaction 
generates products that contain excited molecules, and (2) the return of these 
excited products to the ground state is accompanied by the emission of light. A 
familiar example of chemiluminescence is the light of the firefly, caused by the 
enzymatic oxidation of firefly luciferin. 


as the adenosine phosphate ester 
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SECTION 21.8. 


Mass Spectrometry 


Most of the spectral techniques we have discussed arise from absorption of energy 
by molecules. Mass spectrometry is based on different principles. In a mass 
spectrometer, a sample in the gaseous state is bombarded with electrons of 
sufficient energy to exceed the first ionization potential of the compound. (The 
ionization potentials of most organic compounds are in the range of 185-300 
kcal/mole.) Collision between an organic molecule and one of these high-energy 
electrons results in the loss of an electron from the molecule and the formation 
of an organic ion. The organic ions that result from this high-energy electron 
bombardment are unstable and fly apart into smaller fragments, both free radicals 
and other ions. In a typical mass spectrometer, the positivelv charged fragments 
are detected. The mass spectrum is a plot of abundance (the relative amounts of the 
different positively charged fragments) versus the mass-to-charge ratio (т/е) of 
the fragments. The ionic charge of most particles detected in a mass spectrometer 
is +1; the m/e value for such an ion is equal to its mass. Consequently, from a 
practical standpoint, the mass spectrum is a record of particle mass versus relative 
abundance of the particles. 

How a molecule or ion breaks into fragments depends upon the carbon 
skeleton and functional groups present. Therefore, the structure and mass of the 
fragments give clues about the structure of the parent molecule. Also, it 1$ fre- 
quently possible to determine the molecular weight of a compound from its mass 
spectrum. 

Let us introduce mass spectrometry using methanol as an example. When 
methanol is bombarded with high-energy electrons, one of the valence electrons 
is lost. The result is an ion radical, a species with one unpaired electron and a 
charge of +1. An ion radical is symbolized by *. The ion radical that results from 
abstraction of one electron of a molecule is called the molecular ion and is symbo- 
lized МТ. The mass of the molecular ion is the molecular weight of the compound. 
The molecular ion of methanol has a mass of 32 and a charge of +1. Its mass-to- 
charge ratio (m/e) is 32. (In the following example, the half-headed arrow signifies 
the loss of one electron from a methanol molecule.) 
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` 


е + CH,OH = CH,ÓH*, usually written [CHOH]: 


the molecular ion of methanol, те = 32 


A molecular ion can undergo fragmentation after it has been formed. In the 
case of (CH;0OH]}. the ion radical can lose a hydrogen atom and become a cation: 
[СН,=ОН]”. This fragment has a m/e of 31. In the mass spectrum of methanol 
(Figure 21.8). peaks for the particles with m/e values of 31 and 32 are evident. 
(The fragments that give rise to the other peaks in this mass spectrum will be dis- 
cussed in Section 21.11.) 


H H 

Of 1, 
H:C:0:H H- + .С::О:Н 

Н Н 


a cation, те = 3l 
(not an ion radical because 
all electrons are paired ) 


As may be seen in Figure 21.8, a mass spectrum is presented as a bar graph. 
Each peak in the spectrum represents a fragment of the molecule. The fragments 
are scanned so that the peaks are arranged by increasing m/e from left to right in the 
spectrum. The intensities of the peaks are proportional to the relative abundance 
of the fragments, which in turn depends on their relative stabilities. By convention, 
the tallest peak in a spectrum, called the base peak, is given the intensity value of 
100°; lesser peaks are reported as 20%, 30%, or whatever their value is relative to 
the base peak. The base peak sometimes arises from the molecular ion, but often 
arises from a smaller fragment. 


100 - 31 
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FIGURE 21.8. Mass spectrum of methanol, CH4OH. 


STUDY PROBLEMS 


21.6. Write the formula for each product and tell whether it is a cation, an ion-radical, 
or a free radical: 


(a CH, minus one e` (b [СН]? minus H- 
(c) [СН.СНЛ minus Н. (d) [CH3;CH,]* minus Н: 


21.7. Write the formulas for the molecular ions of (a) СН. апа (b) СН.СН.СН.. 
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21.8. Give the m/e value for each of the following particles: 


(a) [CH]: (Ы [(CHj);CH]' (с) Ю (9) [H;O]: 


SECTION 21.9. 


The Mass Spectrometer 


A diagram of a common type of mass spectrometer is shown in Figure 21.9. The 
sample is introduced, vaporized, and allowed to feed in a continuous stream to the 
ionization chamber. The ionization chamber (as well as the entire instrument) is 
kept under vacuum to minimize collisions and reactions between radicals, air 
molecules, and so forth. In this chamber, the sample passes through a stream of 
high-energy electrons, which causes the ionization of some of the sample molecules 
into their molecular ions. 

After its formation, a molecular ion can undergo fragmentation and re- 
arrangement. These processes are extremely rapid (107 19-1078 sec). The longer- 
lived particles can be detected by the ion collector, but a shorter-lived particle may 
not have a sufficient lifetime to reach the ion collector. In some cases, the molecular 
ion is too short-lived to be detected, and only its fragmentation products exhibit 
peaks. 

As the 1on radicals and other particles are formed, they are fed past two 
electrodes, the ion accelerator plates, which accelerate the positively charged 
particles. (The neutral and negatively charged particles are not accelerated and 
are removed continuously by the vacuum pumps.) From the accelerator plates, 
the positively charged particles pass into the analyzer tube, where they are de- 
flected into a curved path by a magnetic field. 

The radius of the curved path depends upon the particle's velocity, which in 
turn is dependent on the magnetic field strength, the accelerating voltage, and the 
т[е of the particle. At the same field strength and voltage, the particles of higher | 
m/e have a path with a wider radius, while the lower-m/e particles have a path of | 
smaller radius (see Figure 21.10). The continuous flow of positively charged 
particles through the analyzer tube therefore forms a pattern: higher-m/e particles 
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FIGURE 21.9. Diagram of a mass spectrometer. 
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ion 10n ion ion ion ion 
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decreasing accelerating voltage 


FIGURE 21.10. As the accelerating voltage is decreased, particles of successively higher 
m/e hit the ion collector. 


witha larger radius and lower-n/e particles with a smaller radius. If the accelerating 
voltage is slowly and continuously decreased, the velocities of all the particles 
decrease, and the radii of the paths of all the particles also decrease. By this 
technique, particles of successively higher m/e are allowed to strike the detector. 
Figure 21.10 shows the effects of decreasing the accelerating voltage on the paths 
of particles with three different m/e values. (The same effect can be obtained by 
increasing the magnetic field strength instead of decreasing the accelerating 
voltage.) 


SECTION 21.10. 


Isotopes in Mass Spectra 


A mass spectrometer is so sensitive that particles differing by 1.0 mass unit give 
separate signals. The molecular weight of CH;Br is 94.9 (15.0 atomic mass units 
for CH; and 79.9 for Br). However, the mass spectrum of this compound (Figure 
21.11) does not show one molecular ion peak at m/e = 94.9; instead two peaks are 
observed, one at me = 94and the other at m/e = 96. The reason for the two peaks 
is that naturally occurring Br exists in two isotopic forms, one with atomic mass 79 
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FIGURE 21.11. Mass spectrum of bromomethane, СН.Вг. 


938 


21-9. 


21.10. 


Chapter 21 Spectroscopy Il 


and the other with atomic mass 81. When we calculate the molecular weight of a 
bromine compound, we use a weighted average of these two isotopic masses 
(79.9). Because a mass spectrometer detects particles containing each of these 
isotopes as individual species, we cannot usc average atomic masses when dealing 
with mass spectra, as we do when calculating the stoichiometry of a chemical 
reaction. 

Table 21.4 lists the common natural isotopes and their relative abundance. 
Naturally occurring bromine exists as а 50.5% 49.5% mixture of bromine-79 
and bromine-81, respectively. Particles of the same structure containing Br give 
a pair of peaks of approximately the same intensity that are 2.0 mass units apart. 
The particle containing the lower-mass isotope is considered the molecular ion; the 
peak for the other particle is called the M + 2 peak (molecular ion plus two mass 
units). 

Naturally occurring chlorine is а mixture of 75.5% chlorine-35 and 24.5% 
chlorine-37. The particle containing chlorine-35 is considered the molecular ion, 
while the particle containing chlorine-37 gives riseto the M 4- 2peak, which hasan 
intensity approximately one-third that of the molecular ion peak. 

Most elements common in organic compounds (except for Cl and Br) exist 
in nature as predominantly one isotope. For example, carbon is 98.89% carbon-12, 
and hydrogen is 99.985% hydrogen-1. For this reason, we generally assume for 
mass spectral purposes that all of C is carbon-12 and ignore the tiny proportion 
that 1s carbon-13. The presence of the isotopes of the common elements explains 
the multitude of small peaks surrounding a large peak in a mass spectrum (for 
example, the small peaks around the peaks at m/e = 94 and m/e = 96 in Figure 
211101): 


STUDY PROBLEMS 


Calculate the т/е value for the molecular ion of each of the following 
compounds: (a)ethane; (b) 1,2-dichloroethane; (c)ethanol; 
(d) p-bromophenol. 


Figure 21.12 contains mass spectra of four compounds. Which of these 
compounds contains Br? Which contains Cl? 


TABLE 21.4. Natural abundance of some isotopes 


Isotope Abundance, 9; Isotope Abundance, 9; Isotope Abundance. % 
1H 99.085 “Н 0.015 

ug 98.89 УС 1.11 

iN 99.63 PN 0.37 

186) 99.76 O 0.04 180 0.20 

ES 95.0 335 0.76 355$ 42 

“ee 100 

ЕСІ 75:5 а 24.5 

79Br 50.5 Stir 49.5 

di 100 


——=———›> 
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FIGURE 21.12. Mass spectra for Problem 21.10. 


SECTION 21.11. 


Ionization and Fragmentation in Mass Spectra 


In the mass spectrometer, the first reaction of a molecule is the initial ionization — 
the abstraction of a single electron. The loss of an electron gives rise to the molecu- 
lar ion. From the peak for this ion radical, which is usually the peak that is farthest 
to the right in the spectrum, the molecular weight of the compound may be 
determined. (Remember, it is the exact molecular weight for a molecule containing 
single isotopes and not an average molecular weight.) 

The question arises, “ Which type of electron is lost from the molecule?" 
This question cannot be answered with accuracy. It is believed that the electron in 
the highest-energy orbital (the “loosest ” electron) is the first to be lost. If a mole- 
cule has и (unshared) electrons, one of these is lost. If there are no n electrons, then 
а pi electron is lost. If there are neither n electrons nor pi electrons, the molecular 
ion is formed by loss of a sigma electron. 


£C 
CH,ÓH э» [CH,OH]: +n e^ 


(= 
CH,CH::CH, ———> [CH,CH—CH,]? + л ет 


А J 
H:CH, [СН]? +0 e 


After the initial ionization, the molecular ion undergoes fragmentation, a 
process in which free radicals or small neutral molecules are lost from the molecular 
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топ. A molecular ion does not fragment in a random fashion, but tends to form the 
most stable fragments possible. 1n equations showing fragmentation, it is common 
ргасисе not to show the free-radical fragments because they are not detected by the 
mass spectrometer. 

Let us reconsider the mass spectrum of methanol in Figure 21.8. The 
spectrum consists of three principal peaks at m/e = 29, 31, and 32. The structures 
of the fragments may often be deduced from their masses. The M * peak (at 32) of 
methanol arises from loss of one electron. The peak at 31 must arise from loss of an 
H atom (which has a mass of 1.0). The peak at 29 must arise from an ion that has 
lost two more H atoms. What about the minor peak at 15? This peak arises from 
the loss of -OH from the molecular ion. 


[cH,-0H] -= [diag] 


2-1 те = 31 me = 29 


[СНзОН] 
т/е = 32 Е 


CH,OH 


[CH] 


mle — 15 


Could other fragmentation patterns occur? For example, could the molecular 
ion lose H* to become [СН.О]' ? It possibly could, but we do not know, because 
only the positively charged particles are accelerated and detected. 


A. Effect of branching 


Branching in a hydrocarbon chain leads to fragmentation primarily at the 
branch because secondary ion radicals and secondary carbocations are more 
stable than primary 1on radicals and primary carbocations. Carbocation stability 
is a more important factor than free-radical stability. For example, a methyl- 
propane molecular ion yields predominantly an isopropyl cation and a methyl 
radical (not the reverse). 


CH, - ү: CH, 
CH,CH/CH, CH,CH* +-CH, апі very little — CH,CH + ^CH, 


STUDY PROBLEM 


What would be the molecular ion and the principal positively charged fragments 
arising from ionization of: (a)2-methylpentane: (Б) 2,2-dimethylpropane; 
(c) 1-pentene? 


B. Effect of a heteroatom or carbonyl group 


Consider another spectrum, that of N-ethylpropylamine (Figure 21.13). The 
molecular ion has m/e = 87. Fragmentation of this molecular ion takes place 
alpha to the nitrogen atom and yields fragments with m/e = 58 (loss of an ethyl 
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FIGURE 21.13. Mass spectrum of N-ethylpropylamine, CH;CH,NHCH,CH.CH, 


group) and 72 (loss of a methyl group). This type of fragmentation is called 
a-fission and is common in both amines and ethers. 


fission here 


[CH,CH,NH—CH,]* 
= Sgt 
M. wow ies wd 


[GH,— Lom »NHCH,*-CH,CH,]* 


mie = 87 Zom 


[CH;—NHCH;CH;CH;]* 


mie =72 
The reason for a-fission is that the cation formed in this reaction is resonance- 
stabilized: 


ray (S ’ -Re + T 
[R cH. NHR]? 28, [cu CNuR «> CH, —NHR] 


A similar fragmentation occurs at a bond adjacent to a carbonyl group (or 
x to the oxygen). Again, the resultant cation is resonance-stabilized. 


-О G 
-R: * (£k КЕС 
FN cep eo КСО | 


STUDY PROBLEM 


21.12. The mass spectrum of an ether is shown in Figure 21.14. What is the structure of 
the ether? 


0 ' 
20 30 40 50 60 70 80 


т/е—> 
FIGURE 21.14. Mass spectrum for Problem 21.12. 
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C. Loss of a small molecule 


Small stable molecules, such as Н,О, CO,, CO, and C;H,, can be lost from a 
molecular ion. An alcohol, for example, readily loses Н,О and shows а peak at 
18 mass units less than the peak of the molecular ion. This peak is referred to as 
the M — 18 peak. In many alcohols, elimination of Н,О is so facile that the mo- 
lecular-ion peak is not even observed in the spectrum. The spectrum of 1-butanol 
(Figure 21.15) is a typical mass spectrum of an alcohol. 


-H,O 
[CH;CH;CH;CH OH]? —— [CH,CH,CH=CH,;]:} 
M:, m/e = 74 М – 18, m e = 56 


0 : 
20 30 40 50 60 70 80 
— т/е —— 


FIGURE 21.15. Mass spectrum of 1-butanol. 


D. McLafferty rearrangement 


When there is a hydrogen atom у to a carbonyl group in the molecular ion, a 
McLafferty rearrangement тау occur. In this rearrangement, an alkene is lost 
from the molecular ion. 


7 hydrogen 
| mh 
= ена — 
| 
Rearrangement: 
H E HO | 
BRE (o | 
| | y | + D 
H C ~ CH 2 / 
GHs CH, 
mje = 72 те = 44 


STUDY PROBLEM 


Predict the m/e values for the products of the McLafferty rearrangement of the 
following compounds: 


i ‘bat 
(a) CH,;CH,CH,CCH, (b CH,CHCH,CH 
О O 


| || 
(с) CH,COCH,CH,CH, (d) (СН,),СНСН,СОСН,СН, 
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Summary 


Absorption of ultraviolet (200—400 nm) or visible (400-750 nm) light results in 
electronic transitions, promotion of electrons from the ground-state orbitals to 
orbitals of higher energy. The wavelength A of absorption is inversely proportional 
to the energy required. The uv or visible spectrum is a plot of absorbance А or 
molar absorptivity г vs 4, where e = A/c/. The position of maximum absorption is 
reported as Ятах. 

The important electronic transitions are л — л* for conjugated systems and 
n — п*. Increasing amounts of conjugation result in shifts of А, toward longer 
wavelengths. Compounds that absorb at wavelengths longer than 400 nm are 
colored; the apparent color is the complementary color of the wavelength absorbed. 

Vision is made possible by the conversion of 11-cis-retinal in rhodopsin to all- 
trans-retinal, which in turn is reduced to all-trans-vitamin А. The regeneration of 
11-cis-retinal is accomplished by enzymatic conversion of all-trans-vitamin А to 
11-cis-vitamin А and then to 11-cis-retinal. 

Dyes are colored compounds that adhere to fabric or other substance. An 
acid-base indicator is a compound that undergoes a color change in a reaction 
with acid or base. The color change arises from a change in the conjugated system 
and thus in the wavelength of absorption. 


TABLE 21.5. Summary of some fragmentation patterns in mass spectra 


Fragmentation Reaction type 
Alkanes: 
H + 6 CH 3 gts s 
[RCH Chal: — REGE o-bond fission to most 


stable carbocation 


Amines and ethers: 


а ей, мед: ==> СЕ ==, a-fission 
[R-CH,—ORj: =, -CHÓR a-fission 
Carbonyl compounds: 
О + 
Кид 
кС-Ү —— =) RCO a-fission 
ЖЕЙ | | |, 
: —R,C—CH | 
®,ССН,—СН,СҮ] ———— ЖИ McLafferty 
where Y = Н, К”, OH, OR’, etc. rearrangement^ 
Alcohols: 
OH ]* 
| -H,o 
R,CHCR, ee [R;C—CR;]* loss of H,O 


* [f a ketone or ester undergoes rearrangement and if Y contains a у hydrogen, two 
types of rearrangements may be observed. 
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Fluorescence and chemiluminescence are the results of emission of light as 
excited molecules return to the ground state. 

A mass spectrum is a graph of abundance versus mass-to-charge ratio (71/е) 
of positively charged particles that result from bombardment of a compound with 
high-energy electrons. Removal of one electron from a molecule of the compound 
results in the molecular ion. The molecular ion can lose atoms, ions, radicals, and 
small molecules to yield a variety of fragmentation products. Table 21.5 sum- 
marizes some of the fragmentation patterns. 


STUDY PROBLEMS 


A chemist prepared 1,3,5-hexatriene and 1,3,5,7-octatetraene, placed them in separate 
flasks, but neglected to label them. How could the two compounds be differentiated by uv 
spectroscopy? 


Which of the following pairs of compounds could probably be distinguished from each 
other by their uv spectra? Explain. 


(а) CH,CO,CH,CH, CH,CH;,CO,CH, 
© DO CO 
О 
О 


|| || 
(с) СН,СН=СНСН,ССН,, _ CH,CH,CH—CHCCH, 


(d) OE aem Pe е 


Calculate the molar absorptivities of the following compounds at the specified wavelengths: 


О 


(a) adenine (9.54 x 1075 М solution, 1.0-cm cell), absorbance of 1.25 at 263 nm 
(b) cyclohexanone (0.038M solution, 1.0-cm cell), absorbance of 0.75 at 288 nm 


3-Buten-2-one shows uv absorption maxima at 219 nm and 324 пт. (a) Why are there two 
maxima? (b) Which has the greater Emax? 


What types of electronic transitions would give rise to uv absorption in each of the 
following compounds? 


(а) 2,4-octadiene (b)2-cyclohexenone (c)aniline (d)formaldehyde 


Rank the following compounds in the order of increasing max: (а) benzene; 
(b) biphenyl (С.Н; —С,Н;); (с) styrene (Cs H;CH=CH,); (d) stilbene 
(СН5СН=СНС.Н.). 


A chemist has a liquid compound of unknown structure with the formula С.Н»; the uv 
spectrum shows a /,,,, at about 220 nm. What are the likely possible structures of this 
compound? 


Suggest a reason why the /,,,, for trans-stilbene (Cs H,CH=CHC,H.) is 295 nm, while 
that for cis-stilbene is 280 nm. 


Suggest a mechanism for the photochemical isomerization of trans-stilbene to cis-stilbene. 


Indophenol blue is a vat dye that is oxidized to an insoluble blue dye after application to 
fabric. Give the structure of the oxidized form. 
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H 
jos & 
(СН). № OH 


reduced form of Indophenol blue 


21.24. Asa solution of Crystal violet is acidified, it turns from violet to blue, then to green, and 
finally to vellow. Write equations that could explain these color changes. 


Du 
| с=(_)=їсну, се 


(CH3)2N Crystal violet 


21.25. Phenol red is an acid-base indicator that is yellow at pH 6 but red at pH 9. Draw the 
structures (and resonance structures) for the two forms of this compound. 


Phenol red 


21.26. Give the structures of the products: 


(а) [CH,CH,CH,OH]* =p (b) ©) ie Clie 


+ 


> e =; (d) [(CHj,CHCI]* шш Cl 


21.27. For each of the following compounds, predict the structures and m/e values for the 
molecular ion and likely positively charged fragmentation products: 


(a) ethyl isopropyl ether (b) ethyl isobutyl ether 
(c) 2-chloropropane (d) 2,5-dimethylhexane 
(e) 2-propanol (f) 4-cyclopentylbutanal 


(McLafferty fragment only) 
21.28. Suggest structures and fragmentation patterns that account for the following observed 
peaks in the mass spectra: 


(a) n-butane, те = 58, 57, 43, 29, 15 
(b) benzamide, т/е = 121, 105, 77 
(c) l-bromopropane, m/e — 124, 122, 43, 29, 15 


21.29. What reactants would you need to prepare the yellow azo dye Crysamine С? 


ОООО 


HO;C Crysamine G CO,H 
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21.30. In uv spectra, the presence of an additional double bond in conjugation adds about 30 nm 
to the /,,,.- From the following observed values Гог 4,,,,, state how the degree of substitution 
on the sp? carbons of a polyene affects the position of the A 


max • 


Structure ZEIT 
pEc————— — — ——Á—— аң 1 
CH,=CHCH=CH, 217 | 
CH,CH=CHCH=CH, 223 | 
CH,CH=CHCH=CHCH, 227 | 
сн,=ссн=снсн, 227 | 
СН, 
| 


21.31. From your answer in Problem 21.30, predict the /,,,, values for the following polyenes: 


YS iN s 
(a) (b) 


21.32. Predict the A,,,, values where indicated: 


Structure А max; NM Structure А пах» NM 
О О 
Кат 219 е. (а) 
О О 
CIRC TCU 224 E oos (b) 
єн, 
О 
н бы с. (с) 


21.33. A ketone (C,H, 20) gives a positive iodoform test and shows principal peaks in the mass 
spectrum at the following т/е values: 100, 85, 57, and 43. Which of the following 
compounds are compatible with these data? 


[e О 

(а) Werl. See (b) и И 
о О 

(с) CH. CHCH,GH, (d) Om ees m T 
сн, 


21.34. А compound contains only С, Н, апа О. The infrared spectrum shows strong absorption at 
1724 cm + (5.8 um), 1388 ст”! (7.2 um), and 1231 ст! (8.1 um) (plus other minor 
absorption). The nmr spectrum shows only one singlet at 2.1 ppm. The mass spectrum has 
principal peaks at 58 m/e and 43 m/e. What is the structure of the compound? 


21.35. The infrared, nmr, and mass spectra for Compounds A through D are shown in 
Figures 21.16 through 21.19. From the spectra, deduce the structure of each compound. 
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FIGURE 21.16. Spectra for Compound A, Problem 21.35. 
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FIGURE 21.17. Spectra for Compound B, Problem 21.35. 
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Wavelength (um) 
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FIGURE 21.18. Spectra for Compound C, Problem 21.35. 
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FIGURE 21.19. Spectra for Compound D, Problem 21.35. 
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APPENDIX 


Nomenclature of Organic 
Compounds 


А complete discussion of definitive rules of organic nomenclature would re- 
quire more space than can be allotted in this text. We will survey some of the 
more common nomenclature rules, both IUPAC and trivial. The following 
references contain more detail: 


IUPAC Nomenclature of Organic Chemistry, Sections A, B, & C, 2nd Ed., 
Butterworths, London, 1971. Now available from Pergamon Press, 
Elmsford, New York. [Also may be found in Pure Appl. Chem. II (1-2) 
(1965).] 

Chemical Abstracts Service, Naming and Indexing of Chemical Substances for 
Chemical Abstracts during the Ninth Collective Period (1972-1976) 
(January-June, 1972), American Chemical Society, Columbus, Ohio, 1973. 


Chemical Abstracts Service, Combined Introductions to the Indexes to Volume 66 
(January-June, 1967), American Chemical Society, Columbus, Ohio, 1968. 


А. M. Patterson, L. T. Capell, and D. Е. Walker, The Ring Index, 2nd Ed., 
American Chemical Society, Washington D.C., 1960; Supplement I 
(1957-1959), 1963; Supplement II (1960-1961), 1964; Supplement III 
(1962-1963), 1965. 


R. S. Cahn, J. Chem. Ed., 41, 116 (1964). 


Alkanes 


The names for the first thirty continuous-chain alkanes are listed in Table Al. 


Branched alkanes. In naming an alkane with alkyl substituents, the longest 
continuous chain is considered the parent. The parent is numbered from one end to 
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TABLE A1. Names of some continuous-chain alkanes 


Molecular formula Name Molecular formula Name 


CH; methane СЭН hexadecane 


C,H, ethane С,зНзь heptadecane 
С.Н, ргорапе Став octadecane 
САН; butane ОТНЕ попааесапе 
CHI pentane (29865 еісоѕапе 

(& dolus hexane C21 H44 heneicosane 
(C To is heptane (ERIS docosane 
(Colas octane (Colb ae tricosane 
СоН»о попапе С.Н5о tetracosane 
С.Н; decane С,5Н;; pentacosane 
ШЕН undecane СН hexacosane 
(Ся dodecane C,7Hs6 heptacosane 
C, 3H, tridecane C5gHsg octacosane 
СН tetradecane С›оНво попасозапе 
CHa pentadecane СН» triacontane 


the other, the direction being chosen to give the lowest numbers to the substituents. 
The entire name of the structure is then composed of (1) the numbers of the 
positions of the substituents; (2) the names of the substituents; and (3) the name 
of the parent. 


Alkyl substituents. Тһе names ofthe alkyl substituents (also called branches, 
or radicals) are derived from the names of their corresponding alkanes with the 
ending changed from -ane to -y/. For example, CH,CH,— is ethyl (from ethane). 
Multiple substituents are placed in alphabetical order, each preceded by its 
respective number and like substituents grouped together. Some common branched 
alkyl substituents have trivial names (see Table A2). 


TABLE A2. Trivial names for some common alkyl groups 


Structure Name 

CH,CH,CH,— normal-, or n-propyl? 
(CH,),CH— isopropyl 
СНн,СНн›СНн›СНн,‚— n-butyl? 
(CH;),CHCH,— isobutyl 
CH;CH;CH(CH;)— secondary-, or sec-butyl 
(СНз): С— tertiary-, tert-, or t-butyl 
GHEGH Gi Gh GEI LS n-pentyl (or n-amyl)? 
(CH;),CHCH,CH,— isopentyl (or isoamyl) 
(CH43),CCH,— neopentyl 


“ The use of n- (to denote a continuous chain) is optional. 
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саж сн, сва. 


[VU 7 S 


CH,CH,CHCH,CH,CH, CH,CHCH,CHCH,CHCH;CH, 
2 SEC i. p QC MS 
СН, 
3-ethylhexane 4-ethyl-2,6-dimethyloctane 


Alkenes and alkynes 


Unbranched hydrocarbons having one double bond are named in the IUPAC 
system by replacing the ending -ане of the alkane name with -ene. If there are two 
or more double bonds, the ending is -adiene, -atriene, etc. The chain is numbered 
to give the lowest possible numbers to the double bonds. (The /ower number of 
the two carbons joined by the double bond 15 used to give the position.) 


о Go (5 П OO WG 
CH,CH=CHCH,CH, CH;,—CHCH-CHCH, 
2-pentene I,3-pentadiene 


Unbranched hydrocarbons having one triple bond are named by replacing 
the ending -ane of the alkane name with -уле. If there are two or more triple bonds, 
the ending is -adiyne, -atriyne, etc. The chain is numbered to give the lowest possible 
numbers to the triple bonds. Again, the lower number is used to give the position. 
For example, CH,CH,;C-CH is I-butyne. 

Unbranched hydrocarbons with both double and triple bonds are named by 
replacing the ending -ane of the name of the alkane with the ending -enyne. When 
necessary, position numbers are inserted. The double bond is assigned the lowest 
number; for example, CH, =СНС=ЕССН, is 1-penten-3-yne. Trivial names for 
some alkenes and alkynes are found in Table A3. 


Branched alkenes and alkynes. In the IUPAC name of a branched alkene 
or alkyne, the parent chain is the longest chain that contains the maximum number 
of double or triple bonds. (This may or may not be the longest continuous chain 
in the structure.) 


TABLE A3. Trivial names for some alkenes and alkynes 


Structure Name 
CH;—CH; ethylene 
CH=CH acetylene 
CH,=C=CH, allene 
CH,;=CHCH, propylene 
СН,С=СНн methylacetylene 
(CH4),C—CH; isobutylene 


CH;-—C(CHj)CH-—CH,; isoprene 
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ef 6 н, 
CH;—CHC-CCH-CHCH; 


l A 


CH,CH,CH, 
3,4-dipropyl-1,3,5-heptatriene 
Several unsaturated substituents have trivial names; some of these are listed 
in Table A4, along with their systematic names. 


In complex compounds, the symbol A is sometimes used to denote double 
bonds. 


is A^ 5-cholestadiene 


Geometric isomers. There are two methods for naming geometric isomers. 
One method employs the prefixes cis- (same side) or trans- (opposite sides) to 
designate the geometric isomers. 


H H H CH 
аы ы т^ i Чесс” | 
pae. к 
Н H СН, Н 
cis-2-butene trans-2-butene 


The other method employs (Е) (groups with higher priority, according to 
the Cahn-Ingold-Prelog system, on opposite sides) or (Z) (groups with higher 
priority on the same side) for designation of the geometric isomers. The priority 
rules are found in Section 4.1B (page 115). 


TABLE A4. IUPAC names for some unsaturated groups 


Structure Name 

CH,= methylene 
CH,=CH— ethenyl (vinyl)? 
CH,CH= ethylidene 
©н==@— ethynyl 
CH;—CHCH,— 2-propenyl (allyl)* 
CH,;,CH=CH— 1-ргорепу! 
(CH4),C— isopropylidene 


м. 2-cyclopenten-1-yl 


5 


“ Names in parentheses are trivial. 
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igne own 
d SN Je щ 
CH; H СН.СН, Н 
(Z)-3-methyl-2-pentene (E)-3-methyl-2-pentene 


ethyl has priority over methyl: methyl has priority over H 


Cyclic hydrocarbons 


Cycloalkanes and cycloalkenes. The names of saturated monocyclic hydro- 
carbons are formed by attaching the prefix cyc/o- to the name of the alkane with 
the same number of carbon atoms. 


a is cyclohexane 


A ring is considered the parent unless there is a longer chain attached, in 
which case the longer chain is the parent. 


{_)—снуснусн, {_)—сндснәусн, 


propylcyclohexane 1-cyclohexylheptane 


Alkyl substituents are named as prefixes and are given the lowest possible 
position numbers. 


cis-1,2-dimethylcyclopentane 
CH; 
CH, 


Unsaturated monocyclic hydrocarbons are named by changing the ending 
from -ane to -ene (-adiene, etc.). The ring is numbered to give the lowest numbers 
possible to the double bonds. With both alkyl substituents and double bonds, 
the ring is numbered so that the double bonds receive the lowest possible numbers. 


"un А: CH, 
«7 E 6 
3 4 ОШ! 
1,3-cyclohexadiene 5-methyl-1,3-cyclohexadiene 


Some common terpene ring structures have individual names. 


2 10 10 
] ] 
6 2 1 3 6 val 6 9 
8 
5 3 Q 4 5 3 5 3 
95 4 4 


НО 
menthane pinane bornane norbornane 
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Aromatic hydrocarbons. Aromatic hydrocarbons are generally referred to 
by their trivial names (see Table A5). Systems composed of five or more linear 
fused benzene rings are named by a Greek-number prefix followed by -cene. 
(The prefix denotes the number of fused rings.) 


OOO0QO0O0 


pentacene 
The aromatic system is considered the parent unless a longer chain is 
attached. 


TABLE A5. Names for some arenes and ary! groups 


Structure Name Structure Name 


Arenes: Aryl groups: 
©) benzene CH phenyl- 


naphthalene C,H,CH,— benz - 


2 
3 
1 
А 
anthracene CH; p-tolyl- 
3 
4 
1 


cQ 
1-naphthyl- 
(С) 7 phenanthrene OG (x-naphthyl-) 


(Осн 3 toluene C;H;,CH-—CHCH;- cinnamyl- | 
(С) енен 3)2 cumene 
styrene 


CH; 
Q o-xylene 
CH; 


CH, 


CH; mesitylene 
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Cai, GH,CH;CH; CsH,CH;(CH,),CH, 
propylbenzene |-phenylheptane 
If there are only two substituents on a benzene ring, their positions may be 


designated either by prefix numbers or by o-, m-, or p- (ortho, meta-, or para-). 
If there are more than two substituents, numbers must be used. 


Br Br RED 
O- O i 
(С) Вг Ө Вг Вг LQ 

a CH,CH, 
o-dibromobenzene m-dibromobenzene p-dibromobenzene 1 ,2,3-triethylbenzene 


The principal group, or a group that is part of the parent (for example, the 
CH, in toluene), is always considered to be attached to position 1 on the ring. The 
numbers of substituents are chosen to be as low as possible. 


OH СН, CH=CH, 
Cl Н.С СН, 
МО, 
m-chlorophenol p-nitrotoluene 3,5-dimethylstyrene 


Heterocycles 


Some common heterocycles are listed in Table A6. In monocyclic heterocycles 
with only one heteroatom, that atom is considered position 1. Other ring systems 
are numbered by convention (see Table A6). 

To name monocyclic compounds with one or more heteroatoms, prefixes 
тау be used: oxa- (—O—), aza- (—NH —), thia- (—S—). For unsaturated rings, 
the ring size is designated by suffixes: -o/e means five, and -ine means six (used only 
with rings that contain nitrogen). Example: An oxazole is a five-membered ring 
containing O and N. In numbering, O has priority over N. 


м мм 
жыл М 
1 1 
1,3-oxazole 1,3,5-triazine 


Heteroatoms in chains 


The oxa, aza- system may also be used for naming aliphatic compounds. This 
method is called replacement nomenclature. All the atoms in the chain are num- 
bered in such a way that the heteroatoms receive the lowest possible numbers. 
The parent is considered to be thealkane that has the same number of carbon atoms 
as the total number of atoms in the continuous chain (heteroatoms, but not hydro- 
gens, included). 


DAD @ GOD GX9 ® 
CH;,OCH;CH;OCH;CH;OCH;CH, 


2,5,8-trioxadecane 
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TABLE A6. Names of some common heterocycles 


Structure Name 
4 3 
| | furan 
5 o^? 
1 
4 
5 3 
| |. 4Н-ругап 
в 07° (у-ругап) 
4 | | 
il ], pyrrole 
5 М 
H 
4 1 
| No pyrazole 
юз. 
H 
C 
А З imidazole 
LÀ: 
H 
5 ту rae 
| pyridine 
б“ 2 
М 
1 
5 3 one 
? piperidine 
6 2 
u! 
H 
IN 
5 3 : : 
) рірегагіпе 
6 м; 2 
H 


Structure 


8 


Putting names together 


The prefixes. 


pyrimidine 


morpholine 


thiophene 


indole 


carbazole 


purine 


quinoline 


isoquinoline 


In the IUPAC system, alkyl and aryl substituents and many 


functional groups are named as prefixes оп the parent (for example, iodomethane). 
Some common functional groups named as prefixes are listed in Table A7. Other 
prefix names are sometimes used for carbonyl groups, hydroxyl groups, etc. 
These are mentioned under their specific headings. 


Like treatment of like things. 


Names should be as simple as possible and 
as consistent as possible. Two identical substituents should be treated alike, even 


EE —— 
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TABLE A7. Some common functional groups named as prefixes 


Structure Name Structure Name 
—OR alkoxy-* =F fluoro- 
—NH, amino- —H hydro- 
—N=N— azo- =j iodo- 
—Br bromo- — NO, nitro- 
=G chloro- —NO nitroso- 


* methoxy-, ethoxy-, etc.. depending upon К. 


* Hydro- is a prefix used to designate a hydrogenated derivative of an unsaturated 
parent. Perhydro- means completely hydrogenated. 


4a,8a-dihydronaphthalene perhydrophenanthrene 


though a few other rules may be broken. Although С,Н;СН; would be methyl- 
benzene or toluene (rather than phenylmethane), (С,Н;),СН, is called diphenyl- 
methane. 


Prefixes to designate like things. Їп simple compounds, the prefixes 
di-, tri-, tetra-, penta-, hexa-, etc. (not italicized) are used to indicate the number of 
times a substituent is found in the structure: e.g., dimethylamine for (CH); NH or 
dichloromethane for CH;Cl;. 

In complex structures, the prefixes bis-, tris-, and tetrakis- (not italicized) 
are used: bis- means two of a kind; rris-, three of a kind; and tetrakis-, four of a 
kind. 


[((CHi) Nj;  isbis(dimethylamino)- and not di(dimethylamino)- 


The prefix bi- is used for (1) "double" molecules, and (2) bridged hydro- 


оо qm 


biphenyl bicyclo[2.2.0]hexane 
a double molecule a bridged hydrocarbon 


Order of prefixes. Prefixes are listed in alphabetical order (ethylmethyl-). 
In alphabetizing, a prefix denoting the number of times a substituent is found 
(di-, tri-, etc.) is disregarded. Ethyldimethyl- is the correct alphabetical order, even 
though d comes before e. 
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When to drop a vowel. |n the case of conjunctive names (names that are 
formed by combining two names), vowels are not elided, but are maintained. For 
example, the e in indoleacetic acid is retained (not indolacetic acid). 

If there are two successive suffixes, the vowel at the end of the first suffix is 
dropped (propenoic acid, not propeneoic acid), unless it is followed by a consonant 
(propanediol, not propandiol). 


Nomenclature priority of functional groups. The various functional groups 
are ranked in priority as to which receives the suffix name and the lowest position 
number. A list of these priorities is given in Table A8. These are not the same priori- 
ties that are used for (Е) and (Z) ог (А) and (5). 


СН.ССНСН, is 3-amino-2-butanone (not 2-amino-3-butanone) 


NH, 


The principal functional group is indicated at the end of the name. A name 
with only one functional ending is preferred. Example: НОСН,СН,СО,Н is 
3-hydroxypropanoic acid. In names that must have two endings, the terminal 
ending refers to the principal functional group (see Table A8). Example: 
CH,;CH=CHCO,H is 2-butenoic acid. 


TABLE A8. Nomenclature priority? 


Structure Name 
—N(CH),* (as one example) onium ion 
—CO,H carboxylic acid 
—SO,H sulfonic acid 
—COX acid halide 
—CONR, І amide 
—CN nitrile 
—CHO aldehyde 
= ketone 
ROH alcohol 
ArOH phenol 
TSH thiol 
—NR, amine 
=0- 09 peroxide 
— MgX (as one example) organometallic 
5, "A 

с=с alkene 
А A 
(= (= alkyne 
R=, X= ес. other substituents 


° Highest priority is at the top. 
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Numbering of the parent. The parent is numbered so that the principal 
function receives the lowest number (see preceding section). Greek letters are re- 
served for trivial names and may not correspond directly to the IUPAC numbers. 
Alpha (x, the first letter of the Greek alphabet) means on the nearest carbon, 
which is often number 2 in the systematic name. 


Br 


| 
CH,CHCO,H 


2-bromopropanoic acid (IUPAC) 
x-bromopropionic acid (trivial) 


Numbering of substituents and use of parentheses. If two numbering sys- 
tems are required for complete identification of all atoms in the molecule, primes 
(^) are often used for one of the systems to prevent confusion. 


Alkyl substituents are numbered separately from the parent chain, beginning 
at the point of attachment. In these cases, a prime is not necessary provided that 
parentheses are used to enclose complex prefixes. 


im ^ 


m 5 CONO 
нәх—(`ў)—сн,Снв: porco 
CH;—CHCH-CHC-CH; 


p-(2-bromoethyl)aniline 2-(2-chloropropyl)-1,3,5-hexatriene 


к=) 


Configuration around a chiral carbon. А chiral carbon atom with four 
different groups attached can have either an (R) or an (S) configuration. For 
purposes of designating the chiral carbon as either (R) or (S), the structure is placed 
so that the lowest-priority group is in the rear. (See Section 4.1B for determination 
of priority, which is not the same as nomenclature priority.) The direction from the 
highest-priority group to the second-highest-priority group is then determined. 
If the direction is clockwise, the chiral carbon is (R); if it is counterclockwise, then 
the carbon is (S). If the structure has only one chiral carbon, (К) or (S) is used as 
the first prefix in the name. If the molecule has more than one chiral carbon, the 
designation of each chiral carbon and its position number is enclosed in parentheses 
in the prefix —e.g., (2R,3R)-dibromopentane. 


H in rear 
OH OH 
i COUPE 
yes / N 
CH, CH,CH, СН.СН, СН, 


(R)-2-butanol (S)-2-butanol 
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Carboxylic acids 


There are four principal types of names for carboxylic acids: (1) IUPAC ; (2) trivial; 


(3) carboxylic acid; and (4) conjunctive. 


IUPAC names. Except for acids of one to five carbons and some fatty 
acids, aliphatic monocarboxylic acids are named by the IUPAC system. The 
longest chain containing the —CO,H group is chosen as the parent, and the 
chain is numbered starting with the carbon of the —CO,H group as position 1. 
The name 15 taken from the name of the alkane with the same number of carbons, 


with the final -e replaced by -oic acid. 


CH,CH,CH,CH,CH,CO,H 


hexanoic acid 


Substituents are designated by prefixes. A double bond is designated as a 


suffix preceding -oic acid. 
CH, 


| 
CH,=CHCH,CHCH,CO,H 


3-methyl-5-hexenoic acid 


TABLE A9. Trivial names of some monocarboxylic acids 


Name 
Structure of acid Structure 
Saturated chain: Other functionality”: 
HCO;H formic CH;,COCH;CO;H 
CH3CO;H acetic CH;CH(OH)CO;H 
CH;CH;CO;H propionic CH4COCO;H 
CH4(CH;),CO;H butyric СН,СОСН,СН›,СО,Н 
CH;(CH5;),CO;H valeric 
CH;(CH5;),9CO;H lauric On rings: 
CH;(CH3), ;CO;H myristic C,H;CO,H 
CH;(CH5),4CO;H palmitic OH 
CH;(CH5), ,CO;H stearic 
CO,H 
Unsaturated chain’: 
CH,—CHCO,H acrylic Ки пи Сой 
CH,=C(CH,)CO;H methacrylic 7 
trans-CH,CH=CHCO,H  crotonic 6 3 


* For unsaturated fatty acids, see Table 20.1, page 888. 
> For a-amino acids, see Table 19.1, page 852. 


Name 
of acid 


acetoacetic 
lactic 
pyruvic 
levulinic 


benzoic 


salicylic 


2-naphthoic 


nicotinic 
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Trivial names. Table A9 gives a list of commonly encountered trivial names 
for carboxylic acids. 


Carboxylic acid names. А carboxylic acid name is used when a —CO,H 
group is attached to a ring. The name is a combination of the name of the ring 
system with the suffix -carboxylic acid. The carboxyl group is considered attached 
to position 1 of the ring unless the ring system has its own unique numbering system. 
(The carbon of the — CO;H group is not numbered, as it is in an IUPAC name.) 
2 4 


13 
л 


on Â 
8 6 = 2"CO,H 
cyclohexanecarboxylic acid 2-pyridinecarboxylic acid 


Conjunctive names. Conjunctive names are combinations of two names: 
in the following examples, the name of the ring plus the name of the acid. 


4 
5 3 
e Eos V м SGHEGOSH 
cyclohexaneacetic acid indole-2-acetic acid 


Diacids and polycarboxylic acids. Diacids may be named systematically as 
-dioic acids: for example, НО,ССН,СО,Н is propanedioic acid. Trivial names 
are commonly used. Some of these are listed in Table A10. 

Polycarboxylic acids of the aliphatic series containing more than two 
carboxyl groups are named by the carboxylic-acid nomenclature. The longest 
chain to which the greatest number of carboxyl groups are attached is chosen as 
the parent. If there is unsaturation, then the double or triple bonds are included in 
the chain if possible. 


3 Gi 
PORCH IN C M E is 1,2,3-propanetricarboxylic acid 
CO,H 


Sulfonic acids. Sulfonic acids are named by adding the ending -sulfonic acid 
to the name of the rest of the structure. 


CH,CH,SO,H C,H,SO,H 


ethanesulfonic acid benzenesulfonic acid 


Acid anhydrides 


Acid anhydrides are named from the names of the component acid or acids 
with the word acid dropped and the word anhydride added. (Either IUPAC or 
trivia] acid names may be used.) 
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TABLE A10. Trivial names of some diacids 


Structure Name of acid 
Aliphatic: 
HO;CCO;H oxalic 
HO,CCH,CO,H malonic 
HO;C(CH;),CO;H succinic 
HO;C(CH;),CO;H glutaric 
HO;C(CH;),CO;H adipic 
HO,C(CH,);CO,H pimelic 
HO;C(CH;);CO;H suberic 
HO,C(CH,),CO,H azelaic 
HO;C(CH;);CO;H sebacic 
cis-HO;CCH—CHCO;H maleic 
trans-HO,CCH=CHCO,H fumaric 
HO;CCH(OH)CH(OH)CO;H tartaric 
Aromatic: 
CO;H 
О phthalic 
СОН CO,H 
isophthalic 
H 
CO,H со; 
terephthalic 
COH 
оо оо 
I. di ll Il 
COE CH4COCCH;CH,; 
benzoic anhydride acetic propionic anhydride 


Cyclic anhydrides are named from the parent diacid. 


о 


СО,Н I ou 


( 


CO,H О 


maleic acid maleic anhydride 
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Acid halides 


Acid halides are named by changing the ending of the carboxylic acid name 
from -ic acid to -v/ plus the name of the halide. An ending of -y/ halide on the name 
of a diacid implies that both carboxyl groups are acid-halide groups. 


О О 
| | | К. || 
CH;CCI C,H;CBr CICCH;CH;CCI 
acetyl chloride benzoyl bromide succinyl chloride 


Alcohols 


The names of alcohols may be (1) IUPAC; (2) trivial; or, occasionally, (3) con- 
junctive. /СРАС names are taken from the name of the alkane with the final 
-e changed to -o/. In the case of polyols, the prefix di-, tri-, etc. is placed just before 
-ol, with the position numbers placed at the start of the name, if possible. 


CH,CH,CH,CH,CH,OH но— он 


]-pentanol 1, 4-cyclohexanediol 


In cases where confusion is possible, the number precedes -o/. Example: 
CH;CH=CHCH,OH is 2-buten-1-ol. 

If higher-priority functionality is present, or in complex molecules, the prefix 
hydroxy- should be used. Example: CH ,CH(OH)CH ,,CO;H is 3-hydroxybutanoic 
acid. 

Trivial names are generally composed of the name of the alkyl group plus the 
word alcohol. 


(CH4),COH C,H4,CH,OH 


tert-butyl alcohol benzyl alcohol 


Conjunctive names are used principally with structures in which ring systems 
are attached to an aliphatic alcohol. 


pyridine-3-methanol 


Polyols. Structures with two OH groups on adjacent carbons (1,2-diols) are 
sometimes given trivial 9/усо! names: the name of the alkene (not the alkane) from 
which the diol could be formed, plus the word glycol. Glycerol and glycerin are 
trivial names for 1,2,3-propanetriol. 


is = 
CH,CHCH,OH HOCH,CHCH,OH 
1,2-propanediol (IUPAC) 1,2,3-propanetriol (IUPAC) 


propylene glycol (trivial) glycerol (trivial) 
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Phenols 


Phenols are those compounds in which an OH is attached directly to an arene 
ring. In these cases, phenol (ог naphthol, etc.) is considered the parent. 


| 
| 
! 


eo" 


]-naphthol (IUPAC) 2-naphthol (IUPAC) 
x-naphthol (trivial) B-naphthol (trivial) 


Many phenols and substituted phenols have trivial names. 


CH; OH OH 
О-= Qe Qr» 0-а 
0-cresol pyrocatechol resorcinol hydroquinone 


Aldehydes 


Aldehydes may be named by the IUPAC system or by trivial aldehyde names. 
In the IUPAC system, the -oic acid ending of the corresponding carboxylic acid is 
changed to -а/. 


CH,CH,CH,CH,CH,CHO 


hexanal 
In trivial names, the -ic (or -oic) acid ending is changed to -aldehyde. 
CH,CHO C,H,CHO OS 
acetaldehyde benzaldehyde cyclohexanecarboxaldehyde 


Some aldehydes have specific trivial names: 


l 3 cuo HOCH;CH(OH)CHO 


2-furaldehyde glyceraldehyde 
or furfural 
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Amides 


In both the IUPAC and trivial systems, an amide is named by dropping the 
-ic (or -oic) acid ending of the corresponding acid name and adding -amide. 


\ | 
CH;(CH;),CNH, СН.СМН, 
hexanamide (IUPAC) acetamide (trivial) 


Substituents on the amide nitrogen are named as prefixes preceded by N- 
or N,N-. C,H,CONHCH, is N-methylbenzamide, and C,H;CON(CH;), is 
N.N-dimethylbenzamide. N-Phenylamides have trivial names of anilides. 


|] | 
CH,CNHC,H, C,H,CNHC,H; 


acetanilide benzanilide 


Sulfonamides are named by attaching the ending -sulfonamide to the name 
for the rest of the structure. Example: C; H,SO;NH, is benzenesulfonamide. 


1 ^ 
Ed 


TEORA 
5 6 


p-aminobenzenesulfonamide 
(sulfanilamide) 


Amines 


Amines are named in two principal ways: with -amine as the ending and with 
amino- as a prefix. Unless there is a functional group of higher priority present, the 
-amine ending is used. Note that the largest group attached to the nitrogen is 
considered the parent or part of the parent amine. 


Ending names: 
(CH4),NH CH4NHCH;CH; 
dimethylamine N-methylethylamine 
24 
larger group 

Prefix names 

^s я МНСН, 

CH,;CHCH,OH CH;,;CHCH,OH 
2-amino-1-propanol 2-(methylamino)-1-propanol 


Polyamines may be named as di- or triamines, etc. 


H,NCH,CH,NH, 


1,2-ethanediamine 
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Some arylamines have their own names. 


C,H,NH, с (С-и, 


aniline 
p-toluidine 
The prefix aza- is sometimes used to identify a nitrogen in a chain or ring; 
see page 957. 


Amine salts. Amine salts are named as ammonium salts or (in simple cases) 
as amine hydrochlorides, etc. 


(CH;);NH* CI 


trimethylammonium chloride 
(trimethylamine hydrochloride) 


Cyclic salts often are named as -inium salts. 


C,H,NH,* Вг (CNH осо. 


anilinium bromide 
(aniline hydrobromide) pyridinium acetate 


Esters and salts of carboxylic acids 


Esters and salts of carboxylic acids are named as two words in both systematic 
and trivial names. The first word of the name is the name of the substituent 
on the oxygen. The second word of the name is derived from the name of the parent 
carboxylic acid with the ending changed from -ic acid to -ate. 


CH;(CH;),CO;CH, methyl hexanoate (IUPAC) 

СН,СО,СН›СН, ethyl acetate (trivial) 

CH,CH,CO,Na sodium propanoate (or sodium propionate) 

сн, (С) зом sodium p-toluenesulfonate (ог sodium tosylate) 
Ethers 


Ethers are usually named by using the names of attached alkyl or aryl groups 
followed by the word ether. (These are trivial names.) 


CH;CH;OCH;CH; cmo ) 


diethyl ether 
cyclohexyl methyl ether 


In more complex ethers, an a/koxy- prefix may be used. (This is the IUPAC 
preference.) 


OCH, 
CH,CH,CH,CHCH,CO,H 


3-methoxyhexanoic acid 


Sometimes the prefix oxa- is used; see page 957. 
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Ketones 


In the systematic names for ketones, the -e of the parent alkane name is dropped 
and -one is added. A prefix number is used if necessary. 


ji 1 qd 
| 
CH;CCH;CH;CH; CH;CCH-CHCH,; CH,CCH;CCH,; 


2-pentanone 3-penten-2-one 2,4-pentanedione 


In a complex structure, a ketone group may be named in the IUPAC system 
with the prefix oxo-. (The prefix keto- is also sometimes encountered.) Contrast the 
use of oxo- with that of oxa- (an ether). 


i 
CH4CCH;CO;H is 3-oxobutanoic acid 


In trivial names, the alkyl groups attached to the C=O group are named, and 
the word ketone is added. Methyl ethyl ketone (CH4COCH, CH) is a common 
example. The CH4CO-— group is sometimes called the aceto-, or acetyl, group, 
while the C;H;CO— group is the benzo-, or benzoyl, group. Also encountered are 
-phenone, -naphthone, or -acetone endings, where one of these groups 15 an attach- 
ment to the ketone carbonyl group. 


O О О О 


|] |] | | 
CH,CCH,CCH,  CH,CCGH, С,Н,СС,Н, 


acetoacetone acetophenone benzophenone 


Some ketones also have specific trivial names: CH ,COCH, is called acetone. 


Organometallics and metal alkoxides 


Organometallic compounds, those with C bonded to a metal, are named by the 
name of the alkyl or aryl groups plus the name of the metal. 


(CH,CH,),Al C,H,MgBr 


triethylaluminum phenylmagnesium bromide 


Organosilicon or boron compounds are often named as derivatives of the 
metalloid hydrides. SiH, is silane; (CH ),Si is tetramethylsilane. ВН, is borane; 
(CH;CH;)4B is triethylborane. 

Sodium or potassium alkoxides are named as salts: the name of the cation 
plus the name of the alcohol with the -anol ending changed to -oxide. Salts of 
phenois are called phenoxides. (An alternate ending is -o/late.) 


CH;CH;ONa C;H4,OK 
sodium ethoxide potassium phenoxide 
(sodium ethanolate) (potassium phenolate) 
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Glossary of some prefix symbols used in organic chemistry 


(+) 
(5) 
(ct) 
a- 


aldo- 
allo- 
andro- 
anhydro- 
antho- 
anthra- 
anti- 


В- 


bi- 
bisnor- 
chromo- 
cis- 
cyclo- 
Ae 

D- 


dextro- 
dl- 

(E)- 
endo- 


epi- 


erythro- 
exo- 


gem- 
hemi- 
hydro- 
hypo- 
i-, iso- 


dextrorotatory 

levorotatory 

racemic 

alpha: (1) оп the adjacent carbon; (2) refers to configuration 


of carbon l in sugars; (3) refers to configuration of 
substituents on steroid ring systems 


aldehyde 

closely related 

relating to male 

denoting abstraction of water 

relating to flowers 

relating to coal or to anthracene 

on opposite faces or sides 

beta: (l) opposite to that of x in configuration; (2) second 
carbon removed from a functional group or a heteroatom 

twice or double 

indicating removal of two carbons 

color or colored 

on the same side of a double bond or ring 

cyclic 

double bond 

on the right in the Fischer projection (see Section 18.3A) 

dextrorotatory 

removal of something, such as hydrogen (dehydro-) or oxygen 
(deoxy-) 

to the right, as in dextrorotatory 

racemic 

on the opposite sides of a double bond 


(1) on or in the ring and not on a side chain; (2) opposite the 
bridge side of a ring system: 


“ ™ bridge 


exo 


endo 


(3) attached as a bridge within a ring, as 
] ,4-endo-methyleneanthracene 
(1) the 1,6-positions of naphthalene; (2) epimeric; (3)a 
bridge connection on a ring, as 9,10-epidioxyanthracene 
related in configuration to erythrose 


(1) on a side chain attached to a ring; (2) on the bridge side of 
a ring system (see endo-) 


attached to the same atom 

one half 

(1) denotes presence of H; (2) sometimes relating to water 
indicating a low, lower, or lowest state of oxidation 


(1) methyl branch at the end of the chain; (2) isomeric; 
(3) occasionally i- is used for inactive 


L- 

E 

leuco- 
levo- 

m-, meta- 


neo- 
nor- 


0-, ortho- 
oligo- 

р-. para- 
per- 
peri- 


pheno- 
poly- 

$-, pseudo- 
pyro- 

(R)- 
(RXS)- 

5- 

(5)- 

seco- 

sec- 

sym- 

syn 

1-, tert- 
threo- 
trans- 

uns-, unsym- 
U-, vic- 


(Z- 
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on the left in the Fischer projection (see Section 18.3A) 
levorotatory 

colorless or white 

to the left, as in levorotatory 


(1) 1,3 on benzene; (2)closely related compound, as 
metaldehyde 


(1) with а plane of symmetry and optically inactive; (2) middle 
position of certain cyclic organic compounds 

normal: continuous chain 

one C connected to four other C's 


(1) removal of one or more C's (with H’s); (2) structure 
isomeric to that of root name, as norleucine. 


1.2 on benzene 

few (units of) 

(1) 1,4 on benzene; (2) polymeric, as paraformaldehyde 
saturated with, as in perhydro-, or peroxy- 


(1) 1,8 on naphthalene; (2) fusion of ring to two or more 
adjoining rings, as perixanthenoxanthene. 


relating to phenyl or benzene 

many (units of) 

has a resemblance to 

indicating formation by heat 

clockwise configuration around a chiral carbon 
racemic 

abbreviation for secondary- or symmetrical- 
counterclockwise configuration around a chiral carbon 
denoting ring cleavage 

abbreviation for secondary- 

symmetrical 

on the same face or side 

abbreviation for tertiary- 

related in configuration to threose 

on opposite sides of a double bond or ring 
unsymmetrical 

vicinal: on adjacent C's 

on the same side of a double bond 


Answers to Problems 


The answers to the problems within the textual material are given here. For the answers to 
the chapter-end problems, see the Study Guide that accompanies this text. 


iei 


2 


1.3. 


1.4. 


1:95 


СНАРТЕЕ 1 
ме А ые н. Be MUS 
(a) :Cl:C:Cl: NUUS ЕЕ: СЕС У (d) H:C::C:F: 
€ CL. Freer " 
(a) neutral molecule, no formal charges 
(b) ion: CH,NH, о-! 
ve i 
(a) allatoms0; (b) CH,=N=N; (c) CH,OS—OH, other atoms 0 
[0 
(a) (CH4;CHCH;Cl; (b CH;CHCI,; (c) CHj(CH;),CHCICH;CI; 
(d) (CH3),C=C(CH3)2; (e CH;(CN); 
H H pA Boe 
X Hsc ojo H Seele 
H C—C H Н е6 НЕЕ EY qmi 
bt A мА N N N ‘yu 
(a) (b) С N—G=8 (сун 1С Ce A 
AN TAN Ф 4 / / X 
H C= fae м H "fem H 
АЕ. А? T 


1.7. 


1.9. 


1.12. 


1.13. 


1.16. 


(a) 


(a) 


(a) 


(a) 


(a) 


(a) 


(b) 


(c) 


(a) 


(a) 


(b) 


(c) 


(d) 


Answers to Problems 


CH; 


O o QO e U e Ka, 9 O 
[e] 3 


CH; 
liberates more energy 
é- 
О 
+ 5- ll a 
CH,—Br; (b) CH;C—O—H 
+ 5+ 


СН.ОН: (b) CH;O—H: (c) CH;CI 


— — Жо 
CH;C=N; (b) (СН,)„С=О; (c) попе; (d) ( y 


CH,CH,CH,NH,- — —NH,CH,CH,CH, 
1 1 
ё. | M x: 
CH;OH- - -:OCH;. CH;OH- - -:ОН,, CHO: - — —H;O. 
Во: НО: 
none (d) (CH,).Ó: - — — HO. H,OÓ:- = - H,O: 


base; (b) acid: (c) base: (d) acid; (e) base 


4 a н 
CH,CH,COH + HÖH ә CH,CH,CO: + HOH 


e i 

es m lee .. 
(cox + ОН ‹ у + НОН 
(CH;),NH + HOH «= (CH,),NH, + -:Он 


i "n i 
( N + сн.сбн = ( м, + CH,CÓ:- 
н 


н 


(a) « (b) « (с) 


(c) « (b) « (a) 


(a) 
(b) 


(c) 


о 


I 
CH;CCH;, Lewis base; Н, Lewis acid 
(CHj),C*, Lewis acid; СГ’, Lewis base 
о 


|] 
CH,COCH,, Lewis acid; ~OCH,, Lewis base 
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CHAPTER 2 
H 
| H H 
E n нон 
24. (a) H—C——C—H (b) H. d WSH 
(С 
/ b eut \ 
H—C-—H H ZUM 
H | H'H 


H 
All C—C bonds are sp?-sp? and all C—H bonds are sp?- s. 


C sp?—-s for three C—H bonds 


H 
N sp?-sp? H 
2:2: : 2s CH 263 
(a) sp 2e T (© ли 5р?-5р 


И 
С sp?-s for three C—H bonds 
PU 
H 
sp?-sp? 
H H 
(b) ^c = с^ H 
rT aix Я All C—H bonds are sp?-s. 
C==C 
УБ 
H H 


Се 8 
LA 4 cie 


(c) + ү, T. "e m All other C—C bonds аге sp?—sp? and 
| з РР all other C—H bonds аге sp?-s. 
Н—С С sp?-s 
/ e ug 
H 
H H 


KA "d АП C and Н atoms are in one 
Е ES plane; the pi bonds are above 
н. he fcre H and below this plane. 


н 
n 
и 


109° 
two р-р and one sp-sp 1 o pu nns 
2.4. HC CCH H4-C C—C 51 


а 10914052 


sp?-sp H 
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25. (а) (2), (1); (b (2), (1); © (1), (2), (3) 


о 
Ш 
2.6. (а) Н, С=СНСН, СН; (b) ( учан, (с) 


2.7. КСО,Н 


он 


| З we 
2.8. (a) ET ——C—N—H All C—H and N—H bonds are sp?-s, 


iy and all C—N bonds аге sp?-sp? 
H H H 
о 
H 


sp?-sp? sp^—s 


and EN ES : 
sp?-sp All unmarked C—H and N—H bonds are sp?-s. 


(b H— са 


av) a Ме алй 


sp^-sp? 


—C 
X7 Хе All С—С and C—N bonds are sp?-sp? ; 
вх A all C—H and N—H bonds are sp?-s 


239. The following structures are not the only possible answers: 
о о о 


ll ll ll 
(а) CH,CH.CH,CH (b) CH,CCH,CH, (c) CH,CH,CH,COH 


и | 
(d) CH,CCH;COH 
2.10. Five conjugated double bonds, no isolated double bonds. 
211. (а) CH,CH—CHCH--CHCH-CHCH; 


(b) СН,=СНСН,СН=СНСН=СНСН, 
(c) CH,—CHCH,CH—CHCH,CH—CH, 


m S ИГ ж 
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2.13. CH,=CHCCH, 


e m d 

2.14. + == = Nt a N* 
ар m uu p P К 
po E od =O “Go: O Xp 


215. (a) The right-hand structure is the major contributor because each atom has an octet. 
(b) The left-hand structure. 


2.16. (а) CH,CH-ÉCH'-CHCH, ———oÀ CH,CH—CH=CHCH;; equivalent 


———— ————— * 


major 
Cem — Ove 
О: Q: 
Cl д | 
(c) CHC CHI DC REEL CH,C=CH, 
major 
(d) -ён;5-с<=ї: <> QH,—C-—N:- 
major 


(e) С N-ö == CE <= ==; D СЕЕ 
RJ 


Он Юн 
жк: = ( \-c=9 equivalent | 


In (f), note that the negative charge is not delocalized by the benzene ring. 


CHAPTER 3 


О 
|| || 
31. (а) CH,CH,CCH,CH, (b) { )-енњон (с) сн.ссн, 


a - 
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о 
|| |] 
32. (а) HOCH,CH; (b) (onon: (c) CH,CH,CH,CH,CH 


3.3. (а) С.Н»... ; is ап open-chain alkane. 
(b) C,H,, contains either one double bond or one ring. 
(c) C,H;,. ; contains either one triple bond, one double bond plus one ring, two double 
bonds, or two rings. 


3.4. (a) сн,сн,сн,—(_): (b) (CH)CHCH,-( ): 


ссн.) 
(с) CH,CH,CH,CHCH,CH,CH,CH, 


СІ 


3.5. (а) CLCHCH;Ck (b) at ухо, 


3.6. (a) propene: (b) cyclohexene: (c) 1,3-cyclohexadiene; (d) 1-сШого-1-ргорепе 


CH; 
EX ta) LJ (b СНЕССЕССН, (c) uf 


3.8. (a) 2-pentanol; 4-methylcyclohexylamine 


CH; 
(b) (on: CH,CH,CH,CH;NHCH(CH,), 
О 


О 
ll |] |] 
3.9. CH,CH,CH,CH,CH; CH,CCH,CH,CH, or СН.СН,ССН,СН,; 


pentanal 2-pentanone 3-pentanone 
О 


|] 
CH,CH,CH,CH,COH 


pentanoic acid 


| | 
310. (а) снысну,со—( X: (b) CH3;CH,CH,COC(CH3); 


341. (а) 6-nitro-3-hexanone; (b) 3-bromo-l-phenyl-1-propanol 


CHAPTER 4 
41. (а) (£)-2-chloro-1-fluoro-l-butene; (b) (Z)-2,3-dichloro-2-butene 


4.2. (a) (E) (b) (2): © ©: (d) (2) 
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OH 
CH(CH,), CH(CH,), 
4.3. | 
CH, Я 


СН, 
all cis 
HE .CH(CH,); © ~CH(CH), 
cH, 

CO;H CO,H 

H CI H H H OH 

44. (a) (b) 

H H H H H 

OH H 
anti gauche anti gauche 


4.5. (c) and (d) 


4.6. (а) transee; (b) cisa,e; (с) transe,e; (d) по geometric isomers; 
(e) transe,e; (f) transa,e 


n | 
4.7. (а) none; (b) CH;CH;CHBr; (c) C;H,CH;CHC,H, 


NCH; 
CI 
ж 
4.8. (а) * (6) none (с) HC 
* 
7 OH H О 
H H CH, CH; | 


49. (a C,H,—C—Br  Br—C—C,H, (b) H—C—OH но=С—н 


CH; CH, CH,CH, CH,CH, 
dimensional dimensional 
COH CO,H 
4.10. (a) НО=С—Н (b H,N—}—H 
CH,OH CH, 


4.11. (а) (К); (b) (5); © (А); (d) (S) 


Br OH | 


| | 
4.12. (а) Сеен (b) JOH 


EN y 
CH,CH, (CHCH, сн,сн,сӣ, сн, 
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413. (a) four; (b) two; (c) eight 


CH, сн, сн, 
H=C=Cl Cl=C=H нс 
4.14. | 
HeC-CI н-с-а Cl-C—H 
CH, CH, CH, 
—————— 
meso enantiomers 
CH, CH, 
4.15. (а) (R): H;N H (S): unn, 
CH,C,H, СН,С,Н; 
он сн, 
(b) CH,CHCO,H + H,N—-C—H —À 
(К) (5) CH,C,H, 
(R) 
CO; CH; CO, CH; 
H—C—OH H,N-C—H + HOo-C—H H,N-C—H 
CH; CHEF, CH, CH,C,H, 
(R,R) (S,R) 


CHAPTER 5 


ch 8 (a) 2-iodo-2-methylpropane, t-butyl iodide 
(b) 2-chloropropane, isopropyl chloride 
(c) l-iodo-2-methylpropane, isobutyl iodide 
5.2. (а) BrCHCH;CH;CH, (b) CH3,;CHCICH=CH, (c) FCH;CH;OH 


В) (CH;CH,,CHGO 4- св.о-..—=> 
(CH4CH;),CHOCH, + CH,CH—CHCH;CH, 


o Opera Су: О 
(c) (O) an1 + cno- = (С) croca, 


5.4. (а) CH,CH;CH,O- + BrCH,CH,CH(CH;), 


S 


СН;СН,СН,Вг + ~OCH,CH,CH(CH;), 


(b) (уч POENI ройи 


product 


980 


3.5; 


5.6. 


Dog 
5.8. 


5.9. 


5.14. 


5.15; 
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(a) ( У-ења (b (CHj,CHCH,CHCICH, (е) (О) -сња 


p less hindered 


CH, 
(a) (CH,CH,,COH + HI (Ы D + HCI 
OCH, 


(b), (a), (с; 


(a) no observed rearrangement products 


H 
ГҮ | 
(b) (CH;);CCHCH;CH; ЗЕЕ (CH3),CCH,CH,CH, 


(CH4),CHCHBrCH,;CH, + (CH;),CBrCH,CH,CH, 


г 
„ОО o ба 


(a) allylic; (b) vinylic; (c) aryl; (d) benzylic 


de: 
(a) (C)-cucr=cu, ais (С) -ен=снен,он 
HO 


a 
CH,CH,OH 
(CH3);CCH;CH,; PD _ 


OCH;CH,; Ir 
(CH4),CCH,CH, + (CH4),C—CHCH, + CH,=CCH,CH; 


(а) CH,=CHCH,CH, + CH,CH=CHCH, 


cis and trans 


(b) D nm ФЕТ 


О 


.18. 


л 


5.20. 
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КО 
`i H cm я 
NS SS = 
H,C-C— C CHs moo С, 
C.H, “Вг Gu CH. 
a (Z)-alkene 
ү; / 
H СН. Н C,H; 
= Cy 
CH, СН: CH; СН; 
Вг 
= 7 H H 
ў uo AC—C ACH 
HEC x сен A SÀN 
СН; Вт СН» Вг 
(1.25) (15.28) 


The enantiomers yield (Z)-1-bromo-1,2-diphenylethene (trans-phenyls); the meso form 
yields the ( E)-isomer (cis-phenyls). 


H 
s — О 
H ба 


Only опе Н сап be abstracted. only E2 product 


(а) (CH,),CHCHBrCH,CH, —HB&, 
(CH4),C—CHCH,CH, + (CH;),CHCH=CHCH, 


Saytseff Hofmann 
CH; 
o OS = Qae Oas 
QU 
Saytseff Hofmann 


(а) CH,CH,CH,CH=CH,; (b) trans-CH,CH—CHCH, 


CH,S is the better nucleophile because S is larger and more polarizable than О. 


(a) C У T CH,CH,CH,I SS 


(b C.H.CH,Br + CH,S~ or CHCES + CH,I — + 
(© CH,CH,Br + OCH CECH, — + 

(d) C,H4CO,- + CH,=CHCH,Br ——— 

(© C,H,0- + CH,CH,Br > 


-OCH ~OC(CH;) 


In (c), the reaction shown would have a slightly faster rate than that of 
CH;CH;O + CH,CH;CH,Br. 
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CHAPTER 6 


6.1. (а) H:O: (b H:C:O- (с) H:C:C* 
H H H 


6.2. initiation: Cl, —F*—, 261: 


propagation : ( ) о 2: + НСІ 
(> ap KO => (а + С! 
termination : Cy „ср. ===, {а or other combination of two radicals 


6.3. СНС, + СІ: = -CCl; + НСІ 
“CCL + Os СС + Cl 


6.4. nine 


a 
6.5. not racemic, CH;4CHCHCH;CI 


H 
(RXS) (R) 
6.6. 9tol 


67 (а) CH2ÉCH—-CH, ——— CH,—cH-CH, 


DI Ea — Con 
ож 


6.8. (Б), (c). (a), (d) 


—Q- 
6.9. (a CgH;,CHBrCH;CH;CH,; (b) (Br (c) С-Н5СН=СНСН,Вг 
O- O: O [0] о 
C * LI 
A ош — = сш. ж ALL. жее” V——— 
OH OH OH OH OH 


6.11. The reaction is faster because a 3° hydrogen is abstracted more readily than a 2° hydrogen. 
2? ЭЕ 


CH,CH,OCH,CH, (CH4),CHOCH(CH,), 


6.12. 


6.14. 


6.15. 


6.17. 
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СЕМ (СЕЕ СЕХ 


am | heat 


H | 
(CH):CLNÆN}C(CH,): NCH,,C +: NEN? 


The produet radical is 3° and "allylie " and is thus relatively stable. The other product is 
N,. which is easily lost from а molecule because of its stability. 


| „ХМнС„н, NC,Hs 
OO — "OO 
~ 


relatively stable free radical 
(resonance-stabilized by both the 
phenyl and naphthyl groups) 


(b). (с), (d) 


a 

Mg (1) CH,CHO 

(в uc . HOH ( У-снен, 
(ПЕ . СН.СН.СН,В 

(а) ( v Xa (C Жен LM product 


(b (CH,);CBr EST KCH,,C],Cuni Er, oduct 


(a) and (d). which both contain acidic hydrogens that would destroy any Grignard reagent 
formed. 


' D, 
{= — (мы DL, product 
N 


oaomh, 85 (снова = 


ether 
(C.Hs),CHMgBr КЕЕ product 
2) H,O, 
NBS + осн 
(b) C&QH,CH, —— С,Н;СН,Вг Map ^m ^ product 
3 


M О.о 
(с) TOR =- TEOR 2195 
TOS тшс (С) нв ке (С) енем 


ll 
Mg (1) CH,CCH,CH; 


6.20. (а) (CH3),CHCH,Br — mne”? (CH3),CHCH,MgBr PRONUS product 
Mg (1) HCHO 
(b) е MgBr TD нон" product 
CHAPTER 7 
7.1. (а) 24-dimethyl-3-pentanol; (b) 3-methyl-1.2-cyclohexanediol 


ie CH; OH 
(a) сва (b) душе йы: 
OH CH, 
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7.3. (a) 3-cyclopenten-l-ol; (b) 4-һуйгоху-1-сусІоһехапопе; 
(c) 2-bromo-l-ethanol 


Өн 
: T ini 
7.4. (а) CH4CH;OC,H;; (b)and(c) CH4CHCH;CH,;; (d) (CH4);C—CH; 


Mg (1) HCHO 
75. (a) CoHsBr —әһег? СеН:МеВг brom” CACHAN 
Он 
(b) СН.(СН,). С pa mu CH;(CH;),OH 
он 
4 d Mg (1) CH.CHO 
(c) CH,C H,Br ethene CH,CH,MgBr (2) H,O. H+ СЬНЬСНСН,›СН, 
7.6. (а) CH,CH=CHCcH, 298 OH 
CH,CHCH,CH, 
|| 1) № 
CHjCCH;CH,« ОА 
(2) H,O, H+ 


(b) сн, (сн, о ОН 
6 СН, 
Мавн, 
чо Man И 


(2) H,0,H* 


VAS trans 


7.8. (а) HCl + ZnCl,, racemization; (b) PCl,, inversion; 
(с) SOCI, + R3N, inversion, ог SOCI, + an ether, retention 


7.9: trans, because it is more stable 


| 
7.10. (a) (C,H,,CHCHO; (b) (CUBE CONS 
CH, 


7.11. (a)and(b) СЬНО + Na+ 


7.12. The nitro group helps share the negative charge in the anion. 


N 


on Уеб о. : 


7.14. 


pas. 


7.16. 


2:17. 


7.18. 


19: 


7.20. 


7.21. 


7-22. 


Р 27-5 2 
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О 
О 


| 
i CH,OCCH, 
(а) CH,CH,CH,COCH,: (b) 


—-NO; * -H,O + 
> HÜ-NO =“ NO 


VUES SHE e 
HONO +`нСбхо 


es + aA н’ oe 
CHCH -QH + NO ——+ E => CH,CH,ONO 


H 
(а) CH,CH,CH,OH + Tsa 6, CH,CH,CH,OTs 
OH OTs 

HCI 


| e | 


Ө: :Ӧг Ө: 
Сї © | 
сны ог — caso — єн,$=о: 
:0 :02 :О:- 
T 
(S)-CH,CH(CH;).CH, 


(b). (c). (a) 


(b). (а), (c) 


(a) (о. (b) C,H,CO,H 


| | 
CH;CH + HCCH,OCH, 


[9] 
i 
ү 
Н» Сон 
| 55 i Îl 
ж =н ——— 5 HCOH + HCH 
b m 


H=C «QH го HCHO 


CH,OH 


o- 
(a) + СВ —— ; (©) (CH;),CHO + CHICH Br 
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OCH; OH 
эн! 3 AgNO, 
7.24. С). EUM (e H,O 
OCH, OH 
3 CHOH + 3Agl| + 3 HNO, 
“ОСН; ОН 
7.25. © 7.26. (a) ОН (b) GH, 
«^ CH, x Gl 
CH(CH;); CH(CHs)2 
7.27. (a) DMSO forms hydrogen bonds with H,O: (CH,),S=0:— ——H,O 
о Юю 
| ~ P | 
(b) The anion is resonance-stabilized: ~CH,—SCH, «——— CH;-—SCH,; 
H,CrO, CH,CH,OH.H* 
7.28. CH,CH,OH =s CH,CO,H "393998, CH,CO,CH,CH, 
7.29. (он — os = 
ether 
үн 
(1)CH,CHO ©- 
ue (2)H,0.H* CHCH, 
7.30. (CH,),CHCH,OH n (CH4),CHCH,CI —— (CH;),CHCH,MgCl 
J 3 
1 an О 
с (CHj,CHCH,CH,CH,OH 19% (сң,у„снсн,сн,со,н 
2) H0. H7 
CHAPTER 8 
8.1 (а) 1600cm '; (b) 200nm; (c) 60,004 Hz 
8.2. (а) 1667cm ^ '; (b) 12.5ит: (с) 1.5 ит 8.3. I (d); II(b) 
8.4. | CH,CH;,OCH;CH, 8.5. Lester; II, ketone 
8.6 (a) two: (b) seven; (c) ten; (d) two 8.7. (а), (с), (d), (е) 
8.8. (а) one; (b) one 8.9. (a) two; (b) three; (c) four 
i 
8.10. TORS 
8.11. Two Cl atoms have a greater electron-withdrawing power than опе Cl atom. 


Answers to Problems 987 


triplet, 2.9 j^ 7 triplet, 4.3 
Y 


8.12 C,H;CH;CH;O;CCH, 
å 
singlet, 7.15 singlet, 2.0 
i 
8.13. 1(е); (9); Ша) 8.14. BrCH,CH,CH,COCH,CH, 
8.15. (CH;),;CHOH 8.16. C4H,CH;OH 8.17. CH,CH,CHCICO,H 
CHAPTER 9 
CH; CH,CH, CH=CH „СНз 
Si (а) с=с (b) с=с 
y^ EN 
CICH;CH; СН, H H 
= 197-4 (а) 2-methyl-1,4-pentadiene; (b) 2-propyn-1-ol 
9.3. I contains C=C; II contains С=С 
H, Нь Н, 
Н, Не 
p M Ex уре N я 
= S 2 >x< ЗЫ мее! 
9.4. [—/ — [y bx H, SO,CH, 
ae =т=. ^ ^ ^ ^ 
E E 2 s i = 
J,» very small and 
peaks overlap 
9.5 In p-chlorostyrene, the chemical shifts are the same for the protons vicinal to the vinylic 
group and for the protons vicinal to the Cl. However, in styrene, the five aryl protons do 
not all have the same chemical shift. 
9.6. (а) C y (b CH,=C(CH;),; (с) СН.СН=С(СН.), 
|I Не сс: 200885 cy сн шин, 
ж 
нс =“ ca CHCSCCOH, 
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9.8. 


9:9; 


9.10. 


9.14. 


9:15. 


Answers to Problems 


1 он 
г. 1 CH,CH,MgBr 25 (1) CH,CH,CH » 
= — == ——————À = 
СНЕСН -CH,CH, CH=CMgBr Q) H0, H* CH,CH,;,CHC=CH 
Br 


Br 


+ | 

(а) СН,СН›СНСН, Pd CH,CH,CHCH, 
y 

(с) (CHj,CCH,CH,: —“—> (CH,),CCH,CH, 


CH,CH—CH, —™—> [CH,CHCH,) con, 


+ -H* 
CH;CH,OH =——*_CH,CH,OCH(CH;), 
CH,CHCH, 


г 
(а) СН.СН,ССКСН.),; (b) CH,CH,CHCBr(CH,), 


(а) (CH;),CHCH,Br; (b) (CH;),CBrCH, 


OSOH 


CH,CH,CH=CH, —L [CH,CH,CHCH,] 0+, CH,CH,CHCH, 


ч он OSO,H 
(a CH,CH,CHCH,; (b) (CH,,CCH(CH,),: (c) (CH;),CCH,CH, 


_-Hg0,CCH; 
(а) (CH;);CCH=CH, nen сн,у,ссй—сн, — 
HgO;CCH; 
CX wee авн, (CH;,CCHCH; 
bu он 
он 
(b) (CH;);CCH=CH, + H,O —— UE: 
CH, CH,CO,Hg СН, 
CH,=CCH,CH, n Сн, 2ссн,сн, чн, 
CH,CO,Hg CH; CH; 


| 
CH,—CCH,CH, «28; CH,CCH;CH, 


OCH, OCH, 
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H H 
9.17. 5675 7 -CH. ESSE. eH 
EE eR, Е BR, 
NS 
H H “00H 
H H 
GH eas CH, 
--BR, OBR, 
s ó- 
Н 0---OH H 


trans transition state 
(cannot yield a cis alcohol) 


le > b C—C, 
9.18. (a) (У сн,ен, (b) POS 
trans (and racemic) HO CH; 


(2 R,3 R)-3-methyl-2-pentanol 
and its (25.35) enantiomer 


9.19. (a) CH,CHBrCHBrCH,;: (b) (CH;),CBrCH,Br; (c) (CH3),CBrCHBrCH, 


H Br 
H Du / 
"v wv Br, 2 
9.20. (а) RE aa БК те cc D 
Br H 
(E) 
meso 
H H H Br Br H D 
^, ее Da % / N $ 
ву СС: Br Мањ Н+ эсен 
p^ Np f ESATEN 
Br D D Br 
(2) (15,25) (1R, 2R) 
9.21. No, because the intermediate contains Br. 
9.22. P Ee [©] 
СІ 
bridge оп top + P 
923. (a) (b) and (d): E CH;CH; 
CH,CH, CH,CH, CH,CH, CH,CH, CH,CH, 
(©) CH,CH, 


CH,CH, 
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9.25. 


9.27. 


9.28. 


9.30. 


9.32: 


9,33: 


Answers to Problems 


(a) ( )—сн=сн, + CHBr} + OR — —— product + ROH + Вг” 


(b) @ + CHCl, + OR — —— product + ROH + СГ 
О 


(a) The difference in energy is greater between cis- and trans-(CH,),;CCH=CHCH,CH, 
because of the greater steric hindrance in the cis-isomer. (b) The difference in energy is 
greater between cis- and trans-CICH=CHCI because the cis-isomer contains greater 
dipole-dipole repulsions between the two chlorine atoms. 


(a) ео (b) @ Both products are racemic. 
OH OH uo OH 


(a) in either case 
О О 
(b) CX n from reductive, СІ from oxidative 


(СН) СН (CH;),CO;H 


(с) OHC—CHO + OHC(CH,),CHO from reductive 
HO,C—CO,H + HO;C(CH;),CO;H from oxidative 
(d) OHC(CH,),CHO from reductive, HO;C(CH;),CO;H from oxidative 


CH;,CHBrCHBrCH;; CH;CHCICHCICHCICHCICH, 


CH,CH,CHICH=CHCH, + CH;CH,CH=CHCHICH, 


Br Br Br Br Br 
Br 
(a) + (б) + 
Вг 


the trans-isomer, because it is more stable 


Br 


A, BrCH,CH—CHCH,Br; В, BrCH,CHBrCH—CH, 


(a) s-trans; (b) s-cis; (c) s-trans. Only (a) is interconvertible. 


О 
СМ 
„©” Gu 
О 


Answers to Problems 991 


heat 


9.35 Е) + СН,СН,О,СС=ССО,СН,СН, —— 
о 
р A СН, CHO CHO 
H СН, 
CO,CH,CH, 
с „СН, 
9.38. -(CF,CF,}- 9.39. CH,—CHCN 9.40. s. т. 
CH, ИШЕ; 
о OH 
(1) (CH,);CHMgBr | H,SO, 
9.41. (a CH;CCH,CH, mu CH,CCH,CH, ————— product 
CH(CH,); 
(b CH,CH,CH—CH, —®2- CH,CH,CHBrCH,Br №МН2, product 
О о 
H;C H,C 
e heat н, 
(с) + Ln —— product 
Ч Pt 
H,C Н.С 
СНАРТЕК 10 
Вг 
10.1. (а) (Оу нен, (b) Br NH, (с) сн,сн,—((Сў—он 
Вг 
(4) (С)—снсн.он (е) (Осн 
10.2. А, p-iodoanisole; B, p-chloroaniline 
10.3. notaromatic 10.4. (а), (c) 
ris CH,CH, 
10.5. (a) C,H;CHCH,CH;; © GECCE); © CHOCH- 
(d) (С5Н)›СН, 
О 
| 
10.6. 


> H _ 
C,H, + RC=6; — + С ===. {Ус 
CR 
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10.7. 


10.8. 


10.9. 


10.10. 


10.11. 


10.12. 


Answers to Problems 


T Tus 
(a) C;H,CCH,CH; (b) C,H,CH,CHCH;CH, 
CH, 


Two parts o-, two parts m-, and one part p-. 


СО (Doe 


SO,H 


o (on + noson 


CHCH, 


H H H 


Ne NO, NO, 
OH =. Он ro (OH == 


E 


The unshared electrons of the nitrogen are delocalized by the carbonyl group and are less 
available for donation to the ring. Because the amide nitrogen is partially positive, it also 
exerts a greater electron-withdrawal than an amine nitrogen. 


CH(CH,), 
(a) снн (С)-в + Вг 

СН(СН)), 
(b) нн (С)-он Qo 

CH(CH,); 
(c) снн (С)-ен, + CH, 


(d) (С) енен, Relative rates: (b) > (с) > (d) > (a). 


Answers to Problems 993 


10.13. (a) Cl 


NO, 
й 


because the right-hand ring is activated and the left-hand ring is deactivated. 


10.14. ez —— (cu, — (TEN — 
Co 


+ 


CO,H 
10.15. О 
CO.H 
ae 


OH 
OH- C,H,CH,Br 
10.16. (a) ЕЕ OO === уйа 
OH о о 
(b) Qo + C;H;COCCgH, —— —— product 
NaNO; 
10.17. (a) С) A Е CN, product 


NaNO, 
(b) Lis сонан = Her. 
(2) OH 0° 
с, (С) CI^ CuBr, product 


NaNO, 
HNO, (1) Fe, НСІ HCl 
(c) C,H; H,SO, C;H;NO, Q OH ” СеН;МН, aW 


H;O,H* (1) OH ^ 
-— 


бе. 
C,H.N,' С 7277. C,H,OH Jr. C,H,OCH, SORNS CH. product 
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О :0 
[oe Ж E: 
CI CI Q CI 
10.18. c — > ——> —— 
ОН ОН 


g ү 
"a Ora se [СУ] — Oe O 


5055 50% 
ei 
мн, е 
«Qe Юе] О 
NH, 
100° 
СІ 
HNO CI (1) Fe, HCI 
.20. ——235 ——— L———À 
10.20 (a) СьН% H,SO, C&;H5NO; FeCl, Qv. Q) OHT 
CI 
D 
о 
|| AICI; | Zn/Hg 
(b) СьН% T CIC(CH;),CH,; SS C&;H5C(CH5;),CH,; —на ^ 
C,H;(CH2),CH; 


(c) excess С.Н, + CICH,CH,GI -— уни нс 


(d) excess С.Н, + СНС, — 3,  (CLH,),CH 


CHAPTER 11 


11.1. (©) 11.2. C.H,CHO 


11.3. (a) cyclopentanone; (b) 2-pentanone; (c) pentanal; 
(d) 2-chlorocyclopentanone. 


11.4. (a) because of electron-withdrawal by the Cl atoms 


OH О, "n 
11.5. (а) € (b) Ё X (c) { У-оснон, 
OCH;CH;OH о 


hemiketal ketal hemiacetal 


7 ee 16]7)/AÁAM СЕС 


11.7. 


11.9. 


11.10. 


11.11. 


Answers to Problems 


(a) О + HOCH,CH,OH (b) (о + HOCH,CH,OH 


О 


ll 
(с) (он + HCCH, 


The hemiacetal carbocation is more stabilized because it is resonance-stabilized. 


RCH RCH 
— 
Сов *OR 
OHO о OH 
(а) нс— ў—сн, = HC Koy, 
OHO 
(b) HOCH, N—CH,OH 
OH Он 
Oo O OH 
HOCH; + HO 
OH OH ÓH OH 
oH 
Басин =, жнсно dio 224, 
рупате CN 
он 
CH,CHCO,H 
20: О :0:- :Он 
|] |] | proton transfer | 
(a) et e =к==» спи == == CACH 
202 0—$—0 00 
Na* ^ | 
:0—H :0:^ Nat 


(b) (1) Extract the ether solution with an aqueous, alkaline solution to remove the 
carboxylic acid as RCO,” Na+. 
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(2) Extract the ether solution with aqueous NaHSO, solution to remove the aldehyde 


as а gi Na*. 
OH 


(3) Regenerate the acid by acidification of its solution. Regenerate the aldehyde by 


treatment of its solution with acid or base. The ketone is still in the ether solution. 


An arylamine yields a product in which the double bond is in conjugation with the 
aromatic ring. 
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11:12. 


11.13. 


11.14. 


11.15. 


11.16. 


inae 


11.18. 


ШЕР 


11.20. 


Answers to Problems 


A pair of stereoisomers: 


planar with 
trans CH , groups 


i 
(a) (усн + H,NCH,CH, 


О 


| 
(b) TORS EIS C.H;NH, 


О 


(4) CLC +NH, => 


H* 
сз 
SS 


Ht 
ooo 


H 
PN E 
C=N 
24 EN 
CH, CH, 
cis CH, groups 


+ 
ooo 
ILE 


o Qoo o Qeon е HO 
double bond in conjugation with benzene ring 


j 
NNHCNH, 
(а) CH,CCH,CH, 


(а) C,H;CHO, CH;CH,CH,Br ог 


(b) (о "20 


NO, 
NO, 


(b) (мы 
(а) ( )=о+сунәә=сн, == 


C,H,CH,Br, СН,СН,СНО 


МЫН. 
(c) СЬН,ССН, 


"Or 


CHO CH,Br 
(c) CX , BrCH,CH,CH,CH,Br or C ‚ OHCCH,CH,CHO 
CHO CH,Br 


(а) CsHsMgBr; (b) CH,CH,CH;MgBr 


(a), (b), and (d) contain acidic protons. 


11.21. CH,(CH,),CHO (1) CH,Mgl 


Answers to Problems 


(2) H;O.H* OH 
i. aue | 
CH,CHO (1) CH,(CH,),CH, MgBr CH,(CH,),CHCH, 
(2) H,O. H* 
о 
| 
CH,(CH,),CCH, 
heat, pressure 
11.22. (а) CH,CH,CHO 0 BR. 
а а (2) Н.О. H* 


rf 
(1) NaBH, (1) NaBH, 
(b) { о (2)H,O. H* (c) ( сс, (2) H,O.H* 


11.23. 


11.24. (a) 


(b) 


11.25. (a) 
(d) 


11.26. (a) 


(b) 


(c) 


CH,OH 
H=C—~OH 
RT dem 
H=C—OH 
H=C—OH 
CH,OH 
О: OS 
a D c oH dp. (^ 
:0:7 0 
ORO Md 
T d со TD 


сн,с—Сн^-ссн, ——> CH,CLCHECCH, —-- 
m = 
CH;C=CHCCH, 
tautomers: (b) resonance structures; (c) tautomers; 


resonance structures 


E T ow [e 
CILC—CHCH (=== 'CH;OCH;CH/ == CH;CCHECH 


A П d ( = 
сн,с—ссСсн, === сс = асасы 
CH, CH, CH, 


еў" ===. HO == att) 
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Luc 


11.28. 


31:29; 


11.30. 


11.31. 


11:32: 


11.33. 


11.34. 


Answers to Problems 


CH,OPO,H- CH,OPO,H" CH,OPO,H- 
C—O = COH <= HCOH 
CH,OH CHOH CHO 


intermediate enediol 


Ketone and ОН”, second-order kinetics 


f і ij 
-H,O 
(1) CH,CCH,Br + OH- =n CH,C—CHBr «—— —o CH,C=CHBr 
stabilized 


loc n (Ty | 
(2) СН.ССНВг + Br—Br ——— CH,CCHBr, + Вг” 
The anion in step (1) is stabilized by electron withdrawal Бу the electronegative Br atom. 
qM 
(a CH;CCH,; 


(b) The rates would be the same because neither Br; nor I, is involved in the 
rate-determining step. 


(a), (c) 


о 


| f I 
(a) КҮР (b) (CHj,CHCCH, (с) cu e-( ссн, 
CCH, 


| 
О 


NH, 


OH 
«OQ o О О «De 
CH, 


о OH 


(a) Tee OUCH Make 


| + 
(2) H,O. H* e ges Н, product 


heat 
СН; 


О О, 
(b) CN HEN, ar „нон, product 


OH 
(1) (mess | H,CrO, 
© CH,(CH,),CHO М CH,(CH,),CH Bao, 


(2) н.о. H* heat 


NET ЕСН, product 
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CHAPTER 12 
12.1. (a) propenoicacid; (b) pentanedioic acid; (c) 2-bromopropanoic acid 


12.2. (a) ax-bromopropionic acid; (b) B-hydroxypropionic acid 


j 
12.3. ( Do Е 
бк ^ - xh) 


Cağ Са 
(b) | г апа „Н plus hydrogen bonds between molecules 
cM © of o-hydroxybenzoic acid 


ОН 
7 m 
©) GHC ОСН, plus hydrogen bonds within and between benzoic acid 
O—M 2% molecules and between methanol molecules. 


ВЕ) HOSHCH,C! “М, HOCH CHON -LOH JHOCH;CH,CO,H 


(1) CO, 
(2) H:O. H* 


(CH4),CCH,CO;H 


С.» Ms! aco, d 
(c) ether (2) H,0. H* 


? Н,О. Н“ 
B кйин ОАЕ, casoH cR em с неснЬсо;Н 


(1) со, 
(2) H,0, H? 


(b) (CH3);CCH,Cl —£+ (CH;);CCH,MgCl 


er 


or C,H,CH,Br —Є—› C,H;CH,MgBr C,H,CH,CO,H 


12.5. Dissolve the aldehyde in diethyl ether, extract the ether solution with dilute aqueous 
NaHCO, to remove the acid, and then evaporate the ether to recover the aldehyde. 


12.6. Extract with aqueous NaHCO,, which removes the acid. Extract with aqueous NaOH, 
which removes the naphthol. The octanol remains in the ether. The acid and phenol may be 
regenerated by acidification. 


12.7. 76.5 12.8. (a) 59.0; (b) 64.0 
12.9. (a) bromoacetic acid; (b) dibromoacetic acid; (c) 2-iodopropanoic acid 


12.10. (a) weaker; (b) 3,5-dinitrobenzoic acid 


OL OCH, 

12.11. CO ri О 
Ó:- r 
С" . 


(CORT 
| | 
O О 
stabilized by not stabilized by 


hydrogen bonding hydrogen bonding 
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12.12. (d), (с), (а), (b) 


i "OH OH 
12.13. CH,COH 


| | TED 
CH,COH ——— cH,cou| 229% 


OH -H*. OH 
| then +H* | С -H,O 
Pes pum ент win mmc 
CH;'*OH “OCH, 
6 о 
| 
it ee с Ъз CH,C'*OCH, 
“OCH, бов. 


12.14. (а) сн. (co, cnc (b CH ;CH,O, COS Ос CH,CH, 


(с) сыш 


CH, 
О 
12.15. 9x. 12.16. (a) CH,OH (b) HO CH,OH 
cis and trans 
\ Ж 
12.17. O 1218. +C(CH;),CO+- 
О 
H 
pu ? 
12.19, НОС C=O ~> HOCS =—* HOCCH,CH,CH, 
cH CHCH,CH, 
CH,CH, 


T i 
12.20. (a) CH;CO,H (5) CH;CCH,CH; (c) CH;CH,CCH,CH,CH, 


(d) no reaction 


12.21. CH,CH,CH—CHCO; *MgBr + C,H, 


12.22. CLOCH COH + CHLOR — Н 


heat 
CH,CH,CH,CO,CH, 


(1) OH- 


CH;CH;CH;CO;H усну 
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1223. а) CH,CH,CO;H Эно CH,CH,CH,0OH —##— CH,CH,CH,Br —аёг» 
CH,CH,CH,MgBr нен? product 
(b) CICH,CH,CO;H DI МОН, NCCH,CH,COo; $O, product 
CO,H 
(c) c. TON M с.н,сй <a product 
CO,H 


CHAPTER 13 


13.1. Because of both resonance-stabilization and the inductive effect of the more electronegative 
oxygen, the carbonyl carbon is more positive than the vinyl carbon. 


О ins 
i 
132. CH,OCCH,CH,CN 
O 


| 
13.3. (а) CH,CH,CO;H + SOCI, ——›  CH;CH;CCI + НСІ + SO, 


ll || 
(6) 3HO,C—CO,H + 2РС, ———o 3CIC—CCI +2H;PO, 


| 
(с) 3C,H,CH,CO,H == PCI, < 3C;H;CH;CCI EI Н.РО, 
(Note: Either SOCI, or PCl, could be used in each case.) 


:О :0:7 
12 i I~. T UE 
13.4. CH,CH;CH,CCl + :0H- ———5 |CH;CH,CH,C~Cl:} ——> 
P» NE 
:OH 
:0 
| OH- 
Fr RE <= CH4CH;CH;CO; 3r H,O 
OH 


13.5. Either or both positions in the carboxyl group: 
о 


О 
| | 
(а) { c-a + n,o = { )—с—"он 


1002 


13.6. 


13.9. 


13.10. 


Answers to Problems 


О: i 
Ci EUR 
(b) {сон jJ Hg. = СОН c 
Net nm. dur 
= 
.. T 
:OH :OH; 
| à H* 4| —H,0 
c—“oH == СОН 
ОН P 
—H* 
с—!#Он = С—!#ОН 
ҮЛ | 
:0—H 180 
OH OH OH 
| 18 E EPEN m d ur. | 
(с) СООН === С =. С 
180H 180 H "i 
:0 05 :Ó 
I^ C,H,ÓH ГӘ :; -HCI Il. 
ө:КҚе: бе: Кее === СН:СН,СН,С=СІ: —— СН;СН,СН,СОС,Н; 
C,H,OH 


(CON: на EPA (NH cr 


CH;,CO; Na* + СГ + unreacted CH,;NH, 


:0 :ӧҳ оо 
РО ai же модем, ии 
C,H,CCl^OCcH, — + |сен.сса: | = сон.соссн, 
<. | 
OCH, 
О 
З f Zn/H 
n 
СН uci C&;H;,CCH(CH 4); e C,H;CH,CH(CH;), 
1 
(а) (CH,),CHCI aa LiCu[CH(CH,),], -<C product 
é i 
C,H,Br 0 МЕ, (C,H,),Cd -СССНСН):, product 


(2) CdCl, 


Answers to Problems 1003 


u) Li 


(b Сну (2) Cul 


LiCu(CH;), ——— ——5 product 


о 
| 


Ме, (CH,,Cd ——L———» product 


Hil 
сн, (2) CaCl, 


(Note: There are other possible combinations of reagents, but remember that secondary 
cadmium reagents are unstable.) 


13.11. (а) (CH3),CCICO,H (b) C;,H.CHBrCO;H 


б, ү :б:- ? 
.. + —Gl- 
13.12. CICH,C + СН,СӦН = CICH,C—O—CCH, = 
m la H 
CI CI 
б: о :0:5 


jee || | || |] 
CICH,C—0—CCH, = OCHO D. COH: ==== СНОН + СОСН: 
H H 


а- CI 


13.13. (a) pentanoic anhydride 
(b) acetic benzoic anhydride or benzoic ethanoic anhydride 


|| 
COCH,CH, 


va OL О) 

ad 

О 

1 

NHCCH, 

1 

13.15. OQO + CH,CO- HN( 

CO.CH, Д CO,H ү CO,H 
„<©С ez OO" ake O 

OH OH O,CCH, 


13.17. CH;CO,H + H**OCH,CH; 13.18. CH;CO,~ + H'8OCH,CH, 


1004 Answers to Problems 


13.19. (а) C;H,CO;CH;CH, + ОН? 


О 
(b) g )—0 + 20H- 
О 


CH,CH,CO,- 
ОСО O- 


:O: ÓH :ÓH 
| < o 


| | 
13.20. (a) CH4COCH;CH,; а O СН,СОСН,СН, и CH,COCH,;CH, 


С,Н.СО, + HOCH,CH, 


HOCH,CH,OH + CO,?> 


E E H 
ОН ргоїоп :07 
CH,0H, | is transfer an 
Е CH,CÓCH;CH, —— єн,с©бсн,сн, 
CH,OH CH,O H 
i 
—H* 
:Ө:- 
| -осн, S с 
OCH, 
3. 
CH,COCH, + :OCH,CH, 
О 
$ОС1, | 
13.21. CH,CHCO;H Sauce cH;cHCCI 
OH а 
CH;O;C(CHJ,CH; CH,OH 
13.22. CHO;C(CH;), «CH, c CHOH + 3HOCH,(CH,),,CH; 
СН,О,С(СН,), „СН; CH,OH 
on 
Mgl 
13.23. (а) CH,CH,CO,CH, c CH,CH;C(CH,), 
oH 
2C „MgB 
(b) CH,CH,CO,CH, = CH,CH;,C(CH,CH,), 
D 
13.24. HCOCH,CH, 02С9:СН:Мен, pnoCH(CH.CH,), 


(2) H20, H+ 
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13.25. О о 


OH- H,O, H* 
= 2-———ә 


13.26. (а) х H,NCHCO," (b) x H,NCHCO,H 


CH, CH, 


+ М 
H CH, 


(c) ~O,C(CH,);NHCH, 


CO,H CO: 
HN v 
13.27. (a) Q + NH,* (b) + НМ(СН,СН)), 


NH H H 
Е А 2 C NI 5 
1328. (à) O—C, + Ec 
NH, CH,CH,0,C  CH,CH, 


„МН, CH,CH,0,C, /CH(CHjCH;CH;CH, 
6) ос + p os 
NH, CH,CH,0,€  CH;CH, 


13.29. (мно Ма* 


О 


13.30. (а) CH,CH,CN; (b CH,CH,CH,CN 


|| 
13.31. (а) ( У-сон — ( са JCH)NB, Product 


(1) 2CH,CH,CH,MgBr 
.(0) 2CH,CH;CH;MgBr, 


(b) (CH3;CHCH;CO;CH, нон: 


product 


О 


|] 
«© сн.сн.сн.он #9 сн.сн,со,н 209°, сн,сн,Са 


енсн.снон -== -CHCH CH ar -EC, си;сисн,см 


|| 
(1) LiAIH, CH,CH,CCI 


осно > ~CHsCH,CH,CH,NH, 


product 
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14.1. 
14.2. 


14.3. 


14.4. 


14.5. 


14.6. 


14.7. 


14.8. 


CHAPTER 14 
(a) _ 
(а) CH,CH,CHO + GH,CH;O- «= GR CHOO + оси ся 
(b) (CH,);/CHCO,CHyOH, + CH}CH,O7 == 
(CH,);CCO,CH,CH,.4+ ОН ОП OM 
(c) no reaction 
NO, 


(d) ол (СУ сн, ap CH,CH,0- те” 


NO, 


о (С) онон + CH,CH,OH 


(e) C,H,CH,NO;- CH3CH;O" ~> C,H;ČHNO, + СН,СН,ОН 
( CH,(CO,H), + 2CH,CHIO- ==> ош ае + ОЙ нон 


Transesterification, as well as enolate formation: 
CH,(CO,C,H;), + 2CH,0 =» CH,(CO.CH;), + 2C,H;O- 
ra 
(а)  CH,CH,CH,CH(CO,C,H,, (b) CH,CH,C(CO,C;H,) 


H,O, OH- 
————-— 
heat 


(a CH,CH,CH,CH(CO,C,Hs), 


CH,CHjCHgCH(CO,- 5. —L—  cH3OH,CH;GH(GORNS 


Н,О.Н* 
(b) (CH3);C(CO;C;H;); -— (CH;),CHCO,H 
= е0 
H H 
0) To Сб 
|| | “со, ll 
HOC UC. OM He © = HOC, 
CHCH, CHCH, CH,CH, 
an enol 
О О 


| || 
CH,CCHCO,C,H, Na*; CH,CCHCO,C,H; 
CH,CH, 


(1) NaOC,H, 


(a) CH;,CCH;COC;H; (2) CH,—CHCHjBr 
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пт Г 
Ц (1) NaOC;H,,then СН,СН,Вг _ 9 T H;O,H' 
(b) CH;,CCH;COC;H; с, ьос,н. then CH,CH;Br xr vn H,CH,) heat 
CO,C,H, 
(1) NaOC,H, (1) ОН“, H,O, heat 
| {D NaOC;H, _, 2 
143. (а) CHACO.CHs)2 "o cup СНЗ(СН:):СН(СО,С,Н;), чуну coa 
(1) NaOC,H;. then CH,l H,O, H* 
(b) CH,(CO,C,H;), (2) NaOC,Hg, then СНИ (CH3);C(CO;C;H.), heat 
1 1 
; | NaOC.H 
БЕС ссн со.с,н. JT ен сеноо,с:н, ОТЫ, 
$ (2) CH,CH,CH,Br | (2) CHI 
CH,CH,CH, 
о сн, 
H,O, H* 
Gre сос: In 
һеа! 
CH,CH,CH, 
(1) NaOC,H, 
(d) CH;(CO;CiH;). (2) BrCH,CO.C,H, 
(1) NaOC,H, NaOC,H, 
==; 


(e) СН.(С№), Br(CH;),CH(CN); 


(2) Br(CH ;), Br 
BrCH;(CH;)C(CN) ——— 
ЖЕ 


о 
(1) NaOC,H, 
(£) (2) (СН.).СНСН,Вг 
О 
Г 
14.10. CH; 2 CH; c 
(CH,),CCHN* O а S ) 
о O 
ll Il 
Сн; ргоїоп CH;C elimination and 
(CH ),CCH—N transfer (CH ) CCH Ce proton transfer 
3/2 ——- 372 FP 
| | 3 
EE он 
[9] 
Il 
CH,C 


| A 
ын вам ) 
О 
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14.11. A cyclic amine has less steric hindrance around the nitrogen than an open-chain amine. 


CH;C,H; 
14.12. a ST l he 
NE 
Ио ЎН 
1 d 
H* ` 
14.13. (а) CH,CH,CCH,CH, + HN == CH,CH,C=CHCH, #2, 
os О 


| Я | 
CH,CH,CCH(CH,), EH, CH. CH,CCH(CHS) 


[9] 
О s N ] 
QUY +) == sala, 


? 
CH ot CH CCH, 


o5 = 10; 


14.14. (с) and (e) because they contain « hydrogens 


OH О OH 
14.15. (a) cei Se (b) нев ссн, 
"cx 
OH O 
(c) (CHO/CHEH;CHCHEH 


CH(CH,), 
1 
14.16. (а) кое (b) о 
CH,CH, CH, 


14.17. (a) C;H;CHO + CH,CH.CHO. 9, 


(1) OH^ 
(2) Н+, heat 


ll || 
(b) CH,C(CH,),CCH; 
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(с) (сво +сисно ==, 


(d OHC(CH,.CHO —P? 
__ NH,0,CCH, 
14.18. (a) (CH,CH,);C=0 + CH,CN co 
CO,C,H, heat 
NH,O,CCH, 
(b) )-O + CH,(CN), 2:9, 
Etc CH,CO.H 
у heat 
| 
ll | 
14.19. (а) с.н,сн.сєнсо,с,н, (b C,H,CH,CCH,C,H, 
C.H; 
o 
CO;CiH; NaOC.H, H,O, OH- 
14.20. (a) (coa. = СО,С,Н; heat 
О О 
E H* 
Sen m Son 
Br CH, нс CH, HIC ene 
А NaOCH; e * 
(b) | ee, CO.CH, — мак CO,CH, 
CO.CH, 
О 
1 
14.21. (а) C,H,O,CCCH,CO,C,H, (b) Oxo 
CH,C=O 
сн, сн, 
E : 
МЕР сут! coc, SS о Q) H,O. ОН”, heat, 
= / Q)H* 
CO,C.H, CO,C,H,; 
| er 
OC.H; = 1) H20, ОНТ, h 
(b C,H,CO,C,H, + CH,CO,C,H, “9 (c CCHCO,C,H, CUBO DP en, 


(2) H* 

NaOC, 5 
(с) C,H.CO;C;H; + CH,(CN), — 
о 


ll 
(d) (CH,),CCO,C,H, + CH,CCH, (2) №0С:н:, 


(2H* 
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i | i 
14.23. 2 CH3GSGoA "=> CH CCHJGSGoA GTA 


acidic | 


| | 
14.24. | 


О 


14.25. (a) ОБООо Ноев ов HEU CO сн, SEPA. | 


CH,CH;CHCH;CO;CHs (р н,о. OH heat 
kSWTOIENC 7 | 
GE G(GOJOSMD, [2 
(5) CHCOOH) + Сн,сн=Снво н. = = 
(2) H,O, H 
ax du cec ros 
257. 
CH(CO,C,H,), hgat 
CO;C;H; СОСЫН» 
СНОС. НЭ, 
(с) + GHACO,@tip, ID 29808, Н.В 
„Ласа m 
C(CH,); C(CH;); | 
CHAPTER 15 
15.1. (а) 1°: (b) 2°, о (e Г (еу дашегпагу: Фо 
15.2. (a) L4-butanediamine: (b) 1.6-hexanediamine: 
(c) (2-methylpropyl)amine, or isobutylamine; 
(d) N,N-dimethylethylamine: (e) p-chloro-N-methylaniline 
15.3. (c) contains a chiral N, while (d) contains a chiral C. Each exists as a pair of enantiomers. 
15.4. (a) (СН), МН — МСН), | 
Н 


(b) (CHj;NH- — —N(CH3);, (Нен =н Саг — Hann 
H 


gË: 109) :О 


15.5. М ===: № = Ае 
О 02 Hor | 


15.6. (а) (1) CH,CH,CH,Br, (2) H,O, OH- 
(b) (1) €H,—CHCH,Br (2) H,O, OH- 
(c) (1) C;SH,CH,Br, (2) H:O, OH- 
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о о 
15.7. Noo BECHCO CIBUS, Оона NaOC;H, 
Н f 
о 


NGco,c,u,, Heschomu, 


NC(CO,CH,) => product 
| 
б сн.снсн,). 
PE. : о мм, == 
ы "кеш, pressure ba 
(CN (1) LiAIH, 
(b) BrCH,CH,CH=CH, — > NCCH,CH.CH—CH, 72—75 product 
1 1 
Ө сисон —M*, cuc шмш сига у, 
(1) LiAIH, = 
Lo” CoHsCHLN(CH)2 
о NH, 


ll н. Ni NH. DM 
а Бе а. 


15.9. (а) CH,CH.CCH, ix 
н.о. OH- 
о Br О сн, heat 
| | 
(b) N -ICH,CH,CHGH, > NCHCH.CH, 
о о 


E 
15.10. (a) (R-C,H,CH,CHNH; 


(b) H;NCH;CH;CH;NH; 
15.11. (a) piperidine: (b) piperazine 


15.12. There is no conjugation between the nitrogen of benzylamine and the aromatic ring 
because the nitrogen is not attached to an sp? carbon, but to an sp? carbon. 


15.13. p-Methylaniline is a stronger base than aniline because the methyl group is electron- 


releasing. p-Nitroaniline is a weaker base than aniline because the nitro group is electron- 


q | ET 
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CH,CO,H 
| ifs 
15.14. НОССО, - нм NH 
меу 
CH,CO,H 


15.15. CH,CH,CH,CH;NH, 


HCI —*:, CH,CH,CH,CH,CI 


CH,CH,CH,CH, NEN 


[iro 


EN CH,CH,CH,CH,OH, 


CH,CH,CH,CH,OH 
Cl- or H,O 


ү 
CH,CH, siue N 


CH,CH,CHCH, —©—› CH,CH,CHCICH, 


wm сн,сн,снсн, 


—H* 
OH 


15.16. The benzenediazonium ion is resonance-stabilized. 


15.17. (а) CH,CH,CH,CH,N(CH;), + CH,=CH, + H;O 
(b C,H;CH=CH, + (CH;),NCH,CH, + H,O 


CN 
Н.С СН» Hie ҮН к HC ICH: 


7 У. (CH;)3N 
(b) ( мен», OH’; C» (CH3);N 
15.19. e Жї 
М 


à CH,CH,CH, ДХ `снусн,сн, 


НС CH 


(1) OH- (1) Fe, НСІ 
15.20. (a) но (С), (2) CH,CH,Br сно (С), (2) OH ^" 
О о 
wes о | 
сно (С), ces сно (С) нес, 
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; NaNO, 
f НСІ C,H,N(GCH); 
ы ноз (С) ы, №, воз Он or seme, 
S - 0 
pe 
(1) Mg, ether 


У (2) СО, _SOCI; | 
(c) Br унон CO,H ba 
(Xn ба 
( ж = =, ( MN ) product 
жаы НОН 


СНАРТЕК 16 
с =ч 


Four of the five resonance structures show a C9-C10 double bond. 


16.2. electrophilic attack 


163. EP.) 


NO, 
CH, 
1GA. С) (b) CS 


NO, NO, NO, 


SO,H SO,H S 
E 5 B 
22 
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NaNO, 
_HNO, | (1) Fe, HCI x cba 
Ве 78:50, © Эн: ^ 


ч > = 
E product 
heat 
O=CCH,CH, 
CH,CH, снна, Zn/Hg 
heat 
_HNO, | (1) Fe, HCI 
(c) ETT (@ on- 
Br Br 
NaNO, 
oh. ES o эө, pi 
Br Br 
NH, NE Gly 
(© NH, Cl мн, CL NH, 
16.6. СА — | m —— | б 
N N- N 
H NO; H NO, H МО, 
&X3— GO уз 
16.7 59, — ое 
м^ О № 
H NO; H NO, H NO; 
Г + 224 г 
57 NS 
N X N 


NO, NODE NO, 
WU ee ШЁ 
| | 
SN + SN SN 


The 5-intermediate has three resonance structures with one aromatic ring, while the 
6-intermediate has only two. 


16.9. 


16.10. 


16.11. 
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N or МН, not aromatic 


о 
ll 
(a) l \ ccn, (b) (юн 
(с) (Уен, (4) as 
H 


NCH, 
+ MOT PH 
H 
OH C.H; 
tropine tropic acid 


Compound C can be converted to Compound F, without the need for blocking the amino 
group, by the following scheme: 


о OH 


m eA $ CO,H 
^ 7 7 (D NaBH, ^ * 7? (D HO, H^, heat zs 2 
—————— ——— > 
| (2) H,O, H7 X (2) neutralize бе: 
N N N 
H H H 


17.1. 


372. 


N = 
H о 
СНАРТЕК 17 
ne” 
x * 
n i 
+ 
Яз —__—_ 
X5 = BN 
л, tt 


The double bonds in 1,4-pentadiene are not conjugated ; thus, their л orbitals are 
independent of each other. 


быс=с. oou ede: foo 
А п th ^ X N 


=== 1 


ee 
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17.3. [6+4] 
CH,CH=CH, 
CH,CH=CH, 


17.4. (a) 2C,H,CH—CHCOH —à"— (Ы) 


In (a), either cis- or trans-cinnamic acid (3-phenylpropenoic acid) could be used. Other 
stereoisomers (and structural isomers) of the product might be obtained as by-products. 


17.5. А photo-induced [4 + 2] cycloaddition cannot occur when either the dienophile or the 
diene is excited. 


LUMO, л, 
(ground state) 
HOMO, z;* 
(excited) 


symmetry-for ne n 


17.6. А [6 + 4] cycloaddition reaction is thermally induced because this reaction path is 
symmetry-allowed. 


1,, HOMO of 


the triene (Y ae 
у о А \) л.*, LUMO of 


А () ^ the diene 


| [> 
177: у DNI X è 7 
( e. f» Mn symmetry-forbidden 


CH,CH, 
CH, => 
H 
17.8. (a) ifus (0 | — CH,cH, 
"CH; == 
trans H 
GE, 57, 72) 


17.9. (а) [3,3]; (b) [L5] 
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17.10. (a)can proceed by a [1,5] sigmatropic shift, and (b) is a [3,3] sigmatropic shift. Both 
proceed readily. 


17.11. Previtamin D contains а (4n + 2) л system. The thermal reaction proceeds by disrotatory 
motion, and the photo-induced reaction proceeds by conrotatory motion. 


HIC т H;C 


A 
thermal: - 


HO HO 


photochemical: 


CHAPTER 18 
18.1. (а) aldotetrose; (b) репішоѕе; (с) aldohexose 
18.2. (а) (К)апар: (b) (S)andr; (c) (3S,4R)and D 
18.3. 1-(+)- and meso-tartaric acid 


18.4. (a) four: (b) four: (c) three 


CHO CHO 
HO OH 
OH OH А 
18.5. (а) (b) 18.6.  L-idose 
HO HO 
HO HO 
CH,OH CH,OH 
CH, O " CH; O 
OH OH 
сно 


18.7. OH 


OH OH yum 
CH;OH NI CH; CH; 


CH; CH; 


о 
2 Е 
о 
+ 

© © 
= X 
o 
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OH HO 
OH O OH O 
18.8. а B В: ou 
CH,OH CH,OH 
CH,OH 
18.9. О O OH 
OH Bes 
OH 
CH,OH 
OH ler OH.O 
18.10. о: HO 
HO 
CH,OH 
HO CH,OH 
OH О OH ue OHO 
HO 
CH,OH 
сой HOCH, „О 
18.11. (а) OH (b) O (c) none 
CH,OH 
OH OH 


О о 
O 


18.12. allose and galactose 


CH,CO,CH Ыг; О 


276 
18.13. (a) 
OCH; OCH, 


CH,CO, OCH, 
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CO,H CO,H CO,H CO,H 
18.14. OCH, + OCH, + OCH, + CH,OCH, 
CO,H CHO CH,OCH, 
CO,H 


formaldehyde 


HCHO 
18.15. —— Eu 
| 
OCH, KO ocu, 
OHC CHO 
CH,OH 
CH,OH о 
| О OHC Xoch, 
OH ОСН, > CHO 
HO — 
formic acid 
CH,OH CH,OH CH,OH 
О О О 
18.16. (а) он OH (b) OH OH 7—O0 
HO HO o 
OH OH OH 
CH,OH 
О 
18.17. (a). (b). and (е): OH OH 
HO 
OH 
CH,OH CH,OH 
О OH 
OH о OH CO; 7 
() HOCH. © (d HOCH, © 
OH О OH 
OH OH 
HO HO 


OH OH 
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18.18. f-Cellobiose is more stable because each substituent on each ring is equatorial. 


CH,OH 


O 
18.19. (a) OH OH; (b) noreaction; (c) no reaction; 
HO 
| OH 


CH,OCH, b 
О 
(4) ОСН, 


OCH, 


CH,OH 
о 
18.20. (а) OH OH + CH,CO;H 
HO 


NH,* С 


CH,OH 


Oe: 
(b) OH HOH CON 
О 
1 NH; 


CHAPTER 19 


19.1. (a) acidic; (b) near-neutral; (c) near-neutral; (d) basic; 
(e) near-neutral 


19.2. Nl кн Na* 
NH, 


19.3. (a) (сон п. L \-co,- Na* 
Н, H 
(b) но—(_)-снснсо,н ci -о-( ў-—сньснсо,- 2 Na* 


МН, * МН, 
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19.4. Like the nitrogen in pyrrole (Section 16.9), the nitrogen in tryptophan has no unshared 
bonding electrons; therefore, tryptophan is a neutral amino acid. 


ооо 


19.6. ala-gly-phe, ala-phe-gly, gly-phe-ala, gly-ala-phe, 
phe-ala-gly, phe-gly-ala 


ll T 
197. C,H,CH,OC—NHCH,C—NHCHCO,H С°з, 


CHCH: 


| 
C HCH,OC—NHCH,C—NHCHCOCO;C;H, CANE ICO 


] | A omis 
C,H,CH,OC—NHCH,C—NHCHC—NHCHCO,H 24, gy phe-ala 


а О CH, О 
19.8. C—NHCHC—NHCH—CNH, 
H CH,CH(CH;), 


19.9. Тһе enzyme catalyzes: (a) transfer of an acetyl group from one molecule to another; 
(b) conversion of phenylalanine to tyrosine by hydroxylation of the benzene ring; 
(c) dehydrogenation of an ester or a salt of pyruvic acid. 
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а вв ан ее 


СНАРТЕК 20 


CH;,O,C(CH;,CH-—CH(CH;),CH; 
excess H,, catalyst 


20.1. СНО,С(СН,),СН=СН(СН,),СН, 


heat, pressure 


CH,O,C(CH,),CH—CH(CH,),CH, 


CH,OH 
HSO, ^ 
CHOH Eis 3 CH,;(CH,),,CH,OH — h’ CH;(CH;),,CH;OSO,H 
CH,OH 
“ОН, CH,(CH;),<CH;0SO,Na 
он 
20.2. пресные Нин сване 
NH, 
CO,H О 


20.3. (a)and (b): 


ll 
20.4. 20.5. CHj(CH,,CCH, 
OH 
CH, 
CH, H 
20.6. (a) 
H 
H 
CH, 
CH, H 
(b) 
H H 
OH H 
CH, OH 
a C=CH 
(c) о 
H 
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20.7. 3p-Cholestanol is more stable because its OH ts equatorial. 


20.8. The steroid ring system is a large, hydrophobic end, while the glycine portion contains the 
hydrophilic —CO; Na”. 


CHAPTER 21 

21.1. Tyrian purple 21.2. (с). (Ъ). (а) 21.3. (b) 446nm; (c) 4l6nm 

21.4. The entire ring system of coronene has 24 pi electrons (4л, and not 4n + 2). Therefore, not 
all the pi electrons are involved in the aromatic pi cloud. It is thought that only the 
peripheral carbons are part of the aromatic system. 

21.5. А compound that appears violet absorbs at a shorter wavelength (about 570 nm) than опе 
that appears blue-green (about 650 nm), and therefore is the compound with less 
delocalization. The structure in (b), with only two —N(CH;), groups, has less 


delocalization and is the violet-colored compound. The structure in (a), therefore, is the 
blue-green compound. 


21.6. (a) [CH,]*.ion-radical; (b) [CH,]*, cation: 
(с) [CH;CH,]*.ion-radical: (d) [CH;CH,;]*,cation 


ИБ. (a) ГСН: (b) [CH,GH;CHj;]* 
21.8. (a) 16: (b) 43: (c) 32; (d) 18 
21,9. (a) 30; (b) 98: (c) 46; (d) 172 


21.10. B contains Br. and C contains CI. 


сну] атана + 
CH, 
CH,CHCH;CH,CH,]* 
21.11. (a) 
CH, 
| | 
—[CH;CH;CH;] 
С 3 2 2] СН, 


[CH;]' and [CH,CH,CH,]~ might also be observed. 


ei 
T " 
(b) сн,ссн, IS M C. OH 
GS 


—[СНзСН, 
——————, 


(c) [CH,—CHCH,CH,CH,]: [CH,—CHCH,]* 


21.12. CH,OCH;,CH,CH, 21.13. (a) 58; (b) 44; (c) 60; (d) 88and 102 


Index 


à (see Axial substituents) 
Absolute configuration, 140 
Absorbance (A), 315, 918-919 
Abstraction of hydrogen atoms, 217, 221-223 
Abundance, in mass spectrometry, 934 
Acetaldehyde (see also Aldehydes), 510, 
512-513, 996 
acetal of, 522, 525 
auto-oxidation, 234 
condensation, 678-680 
from ethanol, 288 
hemiacetal of, 522 
hydrogenation, 536 
reaction with amines, 528 
reaction with Grignard reagents, 240 
Acetaldehyde cyanohydrin, 526 
Acetaldol, 678 
Acetals, 522-525 
of monosaccharides, 524, 820-821, 826 
Acetamide (see also Amides), 605-606, 639, 
967 
Acetamides, 616, 624, 728 
Acetaminophen, 656 
Acetanilide, 451, 967 
Acetate ion (see also Carboxylates), 28 
nucleophilicity, 205 
reaction with benzyl bromide, 581 


Acetates (see also Carboxylates; Esters), of 
sugars, 825 
Acetic acid (see also Carboxylic acids), 28. 
-569-571 
from acetaldehyde, 234 
from acetyl chloride, 614 
acidity, 28, 581 
derivation of name, 570 
from ethyl acetate, 605 
glacial, 570 
by hydrolysis, 576 
reaction with base, 578 
reaction with ethanol, 281. 588 
substituted, 583-584, 667-671 
Acetic anhydride (see also Acid anhydrides), 606 
reaction with alcohols and phenols, 624 
reaction with carboxylic acids, 592. 622 
reaction with water, 623 
Acetoacetic acid, 962 
Acetoacetic ester 
acidity, 543, 666 
from ethyl acetate, 686-687 
reaction with alkyl halides. 670-672 
reaction with base, 670 
Acetoacetone (see also 2,4-Pentanedione). 666. 
969 
Aceto group, 969 


Acetone (see also Ketones), 310. 514 
acidity, 542, 664-666 
bronunation, 547-548 
in crossed aldol condensation, 681, 689 
dielectne constant. 203 
hydrate, 521-522 
reaction with Gngnard reagents, 239 
reduction, 265 
solubility of Nal in. 514 
as solvent, 203 
tautomers, 544 
in Wittig reaction, 333 
Acetone cyanohydrin, 526 
Acetone hydrazone, 532 
Acetones, substituted, 670-671 
Acetonitnle (see also Nitriles). 606. 647 
hydrogenation, 409 
Acetophenone. 451. 472. 514. 969 
reduction to ethylbenzene. 540-541 
Acetoxy group. 571 
Acetyl chlonde (see also Acid halides). 606. 613 
a-halogenation. 620 
hydrolysis. 614 
reaction with alcohols. 616 
reaction with amines, 616, 728 
Acetyl group. 571, 969 
Acetylcholine chlonde. 708 
Acetylcoenzyme A. 638 
in ethanol metabolism, 288 
in fatty-acid synthesis. 889 
in terpene synthesis, 898-899 
Acetylene (see also Alkynes). 92 
bonding. 56-58. 376 
induced field of. 385 
in nomenclature. 378-379 
Acetylides, 376. 387 
l-Acetylnaphthalene, 748 
Acetylsalicylic acid, 485 
Achirality, 132 
Acid anhydndes 
from acid halides. 617, 622 
cantharidin as, 606 
from carboxylic acids. 592. 623 
cyclic, 592, 623 
in Friedel-Crafts acylation, 500 
hydrolysis. 623 
infrared spectra, 608-609 
nomenclature. 622, 963-964 
reaction with alcohols and phenols. 484, 624, 
627 
reaction with amines, 624 
reaction with sugars, 825 
reaction summary table, 652 
reactivity, 607, 623 
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synthesis, 651 
use in synthesis, 649-650 
Acid-base indicators, 930-932 
Acid-base reactions, 26-27 
Acid chlondes (see Acid halides) 
Acid halides 
from carboxylic acids. 613 
in Fnedel-Crafts reaction, 472, 511, 617 
a-halogenation, 620-621 
hydrolysis, 614-615 
infrared spectra. 608-609 
nmr spectra, 608 
nomenclature. 613, 965 
reaction with alcohols. 616. 627 
reaction with amines. 616-617, 639, 728 
reaction with benzene, 472, 511, 617 
reaction with carboxylates. 617. 622 
reaction with enamines. 676 
reaction with organometallics, 618-619 
reaction summary table. 652 
reactivity, 607, 614-615 
reduction, 619-620 
synthesis, 651 
use in synthesis, 619-650 
Acidity (see Acids; Acid strength; Carboxylic 
acids; etc.) 
Acidity constants (see also Acid strength). 29 
Acids (see also Carboxylic acids; Fatty acids: 
etc.) 
alcohols as, 300, 585 
alkynes а. 376, 583 
Brónsted-Lowry, 26 
conjugate, 30 
and Grignard reagents, 243 
ionization, 28 
Lewis, 32 
phenols as, 279-280, 585 
strong, 27 
weak, 27-28 
Acid strength, 28-30 
of alcohols, 278, 585 
of alkanes, 583, 664 
of alkenes, 583 
of alkylcarboxylic acids (see Carboxylic acids) 
of alkynes, 376, 583 
of ammonia. 376 
of compound classes, 578 
of diacids, 591 
factors affecting. 581-585 
of hydrogen halides, 268 
of a hydrogens, 542, 661-666 
of phenols. 279-280, 484, 585 
of substituted benzoic acids, 585-587 
of sulfides, 300 
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Acrylic acid, 570, 962 
Activated complex, 170 
Activating group on benzene, 474—481 
Activation encrgy (see Energy of activation) 
Active site, 879-880 
Activity, ionic, 29 
Acyclic compound, 85 
Acylation 
of benzcne, 472, 500, 511, 617 
biological, 638 
of enamines, 676 
Acyl group, 472, 571, 605 
Acyl halides (see Acid halides) 
Acylium ion, 472 
Acyloxy group, 571 
Acyl substitution, nucleophilic, 614 
Addition-elimination reactions, 529 
Addition polymers, 428, 431-432 
Addition reactions 
of aldehydes and ketones, 519-527 
of alkenes, 389-409 
anti-, 402 
electrophilic, 391 
unsymmetrical, 391 
,4-Addition reactions (see also Michael 
addition; Diels-Alder reaction) 
to conjugated dienes, 420-423 
to unsaturated aldehydes and ketones, 550-553 
to unsaturated carboxylic acids, 594 
Adenine, 767, 769 
Adenosine, 772 
Adipic acid, 591, 964 
acidity, 591 
from cyclohexene, 576 
in nylon, 642 
Adrenaline, 706 
Aglycone, 820 
AIBN, 236 
Air oxidation, 234 
Alanine (ala), 149, 852, 857-859 
Albumins, 872 
Alcohol dehydrogenase, 288 
Alcoholic beverages, 265, 287-288 
Alcohols, 60, 255 
from acid halides, 618-620 
acidity, 266, 278, 542, 578, 585, 664 
from aldehydes and ketones, 239-240, 
262-263, 534-539 
from alkenes, 263-264, 395-400 
from alkyl halides, 165, 169-170, 187-188, 
190, 205, 262 
biological oxidation, 879 
bonding, 63, 255-256 
by Cannizzaro reaction, 685 


from carboxylic acids, 590, 619 
combustion, 287 
conversion to cthers, 283 
dchydration, 266. 273-275, 283. 386-387 
dipole moments, 256 
from cpoxides, 262, 296 
from esters, 262-263, 628-630, 633-634 
by Grignard reactions, 239-240, 262-263, 
296-297, 534, 633-634 

hydrogen bonding in, 23-25, 256-257, 321 
infrared spectra, 317, 320-321, 323 
inorganic esters, 270-272, 281-285 
from kctoncs, 409 
by lithium reaction, 242 
mass spectra, 939-940, 942 
metabolism, 288 
nitration, 282 
nmr spectra, 331, 349-350 
nomenclature, 94, 258-260. 965 
as nucleophiles, 202 
oxidation, 286-290, 511. 576 
physical properties, 256-258 
preparation table, 264-265 
primary, secondary, and tertiary, 260 
protonation of, 267 
reaction with acid anhydrides, 624, 627 
reaction with acid halides, 616, 627 
reaction with aldehydes, 522-525 
reaction with alkali metals, 279 
reaction with alkyl halides. 176 
reaction with carboxylic acids, 281, 588, 626 
reaction with epoxides, 296-298 
reaction with esters, 632 
reaction with Grignard reagents, 243, 279 
reaction with hydrogen halides, 268-269 
reaction with ketones, 522 
reaction with mineral acids, 268-269 
reaction with phosphorus trichloride, 270 
reaction with sulfuric acid, 273-275. 283, 292 
reaction table, 301—302 
reaction with thionyl chloride, 270, 272 
reaction with tosyl chloride. 284-285 
reactivity, 266-269, 273, 588 
rearrangements, 269, 275 
reduction, 287 
salts (see Alkoxides) 
solubility of NaCl in, 258 
substitution reactions, 266-272 
synthesis, 262-265 
use in synthesis, 301 

Alcoholysis, 616 

Aldaric acids, 823 

Aldehydes, 64 
from acid halides, 620 


Aldehydes (continued) 
acidity of a hydrogen, 542, 678 
from alcohols, 287-290, 311 
trom alkenes, 414-419 
trom alkynes, 395 
auto-oxidation, 234 
bisulfite addition products, 527 
bonding. 6 
Cannizzaro reaction, 685 
condensations, 678-683 
conversion to amines, 541 
conversion to enamines, 530 
hydrogenation, 536-537 
hvdrogen bonding, 514 
infrared spectra, 324-326, 515-516 
mass spectra, 942 
nmr spectra, 335-336, 345, 517-518 
nomenclature, 94, 509-511. 966 
oxidation, 541-542, 576 
physical properties, 514-515 
reaction with alcohols. 522-525 
reaction with amines, 528-530, 674 
reaction with Grignard reagents, 240. 262. 
534-535 
reaction with hydrazines, 531-532 
reaction with hydrogen cyanide, 525-526 
reaction with metal hydrides. 537-539 
reaction summary table, 554 
reaction with water, 521 
reactivity, 519-520 
reduction, 536-541 
reductive amination, 718 
B-substituted. 550-552 
synthesis, 511-513 
tautomerism, 543-546 
a. 8-unsaturated, 550-553, 680-681, 692 
use in synthesis, 553-556 
Wittig reaction. 532-533 
Alder K.. 423 
Alditols. 824 
Aldohexose. 809 
Aldol. 678 
Aldol condensations. 678-682 
Aldonic acids, 822 
Aldopentose. 809 
Aldoses (see also Monosaccharides), 808, 813 
Aldnn, 426 
Algin, 848 
Aliphatic compounds, 98 
Alizarin, 928-929 
Alkaloids. 726. 763-766 
Alkanes (see also Methane, etc.). 81. 97-104 
acidity, 578. 583. 664 
from alcohols. 287 
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trom alkenes, 389, 409-412 
trom alkyl halides, 242 
branched, 87-9] 

chemical properties, 99 

from coal, 104 

combustion, 99-101 
conformations, 119-122 
continuous-chain, 86-87 
dehydrogenation, 414 

general formula. 85 

from Grignard reagents, 243 
halogenation, 18, 99, 215-227 
heat of combustion, 100-101 
infrared spectra. 318-320 
{тот ketones, 540-541 

mass spectra, 940 

nmr spectra, 336, 352 
nomenclature. 86-91. 951-952 
physical properties, 98-99 
pyrolysis, 100, 230-231 
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reactivity in free-radical reactions, 223-224 


unsymmetrical, 242 


etc.). 60, 375 
acidity, 583 
addition reactions. 389-408 


Alkanethiols (see also Thiols), 299 
Alkenes (see або Ethylene; Dienes: Polyenes: 


from alcohols, 266, 273-275, 283. 386-387 
from alkyl halides, 166-167, 190-201, 205, 


386-387 
from alkynes, 410—411 
anti-addition, 402 
Baeyer test, 416 
bonding, 51-57, 376 
bromine test, 401 
carbocations from, 389-395 


conversion to aldehydes, 414, 417-419 


conversion to alkyl halides, 399 


conversion to carboxylic acids, 414, 


417-419 


conversion to deuterioalkanes, 399 


conversion to diols, 414-416 
conversion to epoxides, 414, 41 
conversion to ethers, 397 
conversion to ketones, 414, 417 


6 


-419 


electrophilic attack on, 389-390 
free-radical addition of HBr, 394 


general formula, 85 


geometric isomers, 110-117, 197-199, 954 


heats of hydrogenation, 412 
hydration, 263-264, 394-400 
hydroboration. 398-400 
hydrogenation, 409-414, 458, 537 
infrared spectra, 318-320. 380 


1028 Index 


Alkenes (continued) 
line formulas, 424 
mixed additions, 405-406 
nmr spectra, 335-336, 338, 382-384 
nomenclature, 92-93, 377-378, 953-955 
oxidation, 414—419, 576 
physical properties, 379 
polymerization, 427—433 
products from, 433-436 
from quaternary ammonium hydroxides, 
730-731 
reaction with benzene, 472 
reaction with borane, 398-400 
reaction with carbenes, 406—408 
reaction with halogens. 401-406 
reaction with hydrogen halides, 390-394 
reaction with mercuric acetate, 396-397 
reaction with ozone, 418-419 
reaction with sulfuric acid, 394-395 
reaction table, 435-436 
reactivity, 401 
rearrangements, 393 
stabilities, 195, 412-413 
synthesis (table), 388 
trivial names, 92, 378 
from Wittig reaction, 532-533 
Alkenyl groups, 98, 378, 954 
Alkoxides, 278-279 
basicity, 203, 279, 582. 665 
nomenclature, 278, 969 
nucleophilicity, 203, 280 
preparation, 279 
reaction with alkyl halides, 165-167, 175, 
192, 195-202, 205, 292-293 
reaction with a hydrogens, 542, 663-665. 668 
Alkoxy, as prefix, 261 
Alkoxyl groups. 60. 261, 959. 968 
Alkylamines (see also Amines), 707 
Alkylation 
of benzene, 470-472 
biological, 638 
with dimethyl] sulfate, 284 
of enamines. 674-676 
of enolates, 664, 667-674 
Alkylbenzenes, 482-483 
activated ring, 479 
from benzene, 470-472 
free-radical halogenation, 225, 228-229. 483 
oxidation, 483, 576 
from phenyl ketones, 472, 540-541 
Alkylbenzoic acids, acidity of, 586-587 
Alkyl bisulfates, 283 
Alkyl bromides (see Alkyl halides) 
Alkyl chlorides (see Alkyl halides) 


Alkyl disulfides, 300 
Alkyl free radicals 
disproportionation, 231 
stabilities, 225 
structure. 221 
Alkyl groups, 60 
branched, 89 
inductive effect of. 182, 413, 479 
nomenclature, 87-91. 952 
as o,p-directors, 476, 479 
Alkyl halides, 161-162 
from alcohols, 266-272 
from alkanes, 215-227 
from alkenes and alkynes, 390-394, 399, 
401-406 
bonding. 162-163 
competing reactions of, 167, 201-204 
conversion to alcohols. 165. 169-170. 
187-190, 205. 262 
conversion to alkenes. 166-167, 190-201. 
205, 386-387 
conversion to alkynes. 387 
conversion to ethers, 165, 167, 205, 292-293 
elimination reactions, 166-167. 190-205. 
386-387 
from ethers, 293-294 
in Gabriel synthesis, 715-716 
Gngnard reagents from, 237 
infrared spectra, 320 
nmr spectra, 333, 334, 340, 347 
nomenclature, 92. 164 
physical properties. 163. 257 
primary, secondary, and tertiary. 164 
reaction with alcohols. 176 
reaction with alkoxides. 195 
reaction with ammonia and amines. 714-715. 
728 
reaction with bases, 190-192 
reaction with benzene, 470-471 
reaction with carboxylates, 204-205, 581, 627 
reaction with cuprates, 242 
reaction with cyanide, 169, 205, 647-648, 727 
reaction with enamines. 675-676 
reaction with enolates, 664. 667-672 
reaction with Lewis acids. 470 
reaction with lithium, 242 
reaction with magnesium, 237 
reaction with phthalimide. 715-716 
reaction with sulfide ions, 205. 300 
reaction summary table, 205 
reaction with water. 176-181 
reactivity, 166-167. 174-176. 181. 189-193. 
202 
$.1 reactions, 176-189, 201-204 


Alkyl halides (continued) 
S2 reactions, 169-176. 190, 201-205 
solvolysis. 176 
steric hindrance in, 17%. 200-201 
substitution reactions, 165-166, 169-190. 
201-205 
toxicity. 161. 292 
use in synthesis, 204-205 
in Wittig reaction. 332 
Alkyl hydrogen sulfates, 283. 394-395 
Alkyl iodides (see also Alkyl halides). 98. 391. 
401 
Alkyllithium, 237, 242-244 
Alkylmetals, 237 
Alkyl nitrates, 282 
Alkyl sulfates, 283 
from alcohols, 283 
as detergents. 892 
reaction with sugars, 826 
Alkyl sulfides, 205. 300 
Alkyl sulfonates, 284-285 
Alkylsulfurie acids. 283 
Alkyl tosylates, 284-285 
Alkynes (see also Acetylene). 60. 375 
from acetvlides, 387 
acidity. 377. 578. 583 
bonding. 56-57 
conversion to alkenes. 410-411 
from dihaloalkanes. 387 
general formula, 85 
in Gngnard reactions, 377. 387-388 
hydration, 395 
hydrogenation. 409-411 
infrared spectra. 318-320, 380 
nmr spectra, 385-386 
nomenclature, 93. 378-379, 953-954 
physical properties. 379 
reaction with halogens. 401 
reaction with hydrogen halides, 390 
synthesis (table). 388 
Allene, 79, 378. 953 
Allose. 813 
Allyl alcohol, 187, 190 
Ally! bromide (see also Allylic halides), 229 
Allyl cation. resonance-stabilization. 187-188 
Allyl chloride (see also Allylic halides), 185, 225 
reaction with base. 189 
reaction with water. 187-188 
Allyl group. 185. 378. 954 
Allylic alcohols. 260 
Allylic cations. 421 
Allylic free radical, 222-223. 229, 797 
Allylic halides. 185 
by halogenation. 225 


Index 1029 


reaction with enamuines, 676 
substitution reactions, 187-189 
Allylic halogenation, 229 
Allylic position, 186 
o-Allylphenol, 795 
Allyl phenyl cther, 795 
Alpha (a) 
in carbohydrates, 815-816 
in carbonyl nomenclature, 510. 961 
in heterocycles, 752 
in polycyclic compounds, 744 
in steroids, 907 
Alpha elimination, 408 
Alpha halogenation 
of acid halides, 620-621 
of carboxylic acids, 620-621 
of ketones, 547-548 
Alpha hydrogens, acidity of, 542-543. 664-666 
Alpha position, 194, 510-511 
Amides, 606, 639 
from acid anhydrides, 624 
from acid halides, 616-617 
basicity, 640 
bonding, 640 
from esters, 632 
hydrolysis. 641-642 
infrared spectra, 609-612 
nmr spectra, 608, 640-641 
nomenclature, 639, 967 
reaction summary table, 653 
reactivity, 607. 640 
rearrangement. 719-720 
reduction, 718 
synthesis, 639. 650-651 
Amidine, 79 
Amination | 
of a-halo acids, 859 
reductive, 541 
Amine oxides, 739 
Amines, 60-62, 706 
acidity, 578 
in 1.4-additions, 553 
from aldehydes and ketones, 541, 718-719 
alkyl, 707 
from alkyl halides, 714-718, 721-722 
from amides, 718-720, 728 
from amine salts, 726 
aryl. 707 
basicity, 31, 61-62, 722-725 
bonding. 61-62, 709-710 
chirality, 710 
in enamine formation, 530 
exhaustive methylation, 731 
as HCl traps. 284 
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Amines (continued) 
heterocyclic, 709 
Hofmann elimination, 730 
hydrogen bonds, 24, 321 
in imine formation, 528-529 
infrared spectra, 320-322, 712-713 
inversion of, 710 
mass spectra, 940-94 | 
from nitriles, 409, 649, 718 
from nitro compounds, 487, 718 
nmr spectra, 350, 713 
nomenclature, 94, 708-709, 967 
as nuclcophiles, 205, 714 
by phthalimide synthesis, 715-716 
primary, secondary, and tertiary, 707 
properties, 711-712 
reaction with acid anhydrides, 624, 639 
reaction with acid halides, 616-617. 639, 728 
reaction with aldehydes, 528-530, 728 
reaction with alkyl halides, 714-715 
reaction with ketones, 528-530. 728 
reaction with Lewis acids, 478, 496 
reaction with nitrous acid, 487, 728-729 
reaction summary table, 733 
in resolution, 149, 732-733 
sympathomimetic, 706 
synthesis (summary), 721-722 
unshared electrons of, 27, 61, 710 
use in synthesis, 732 

Amine salts (see also Quaternary ammonium 

salts), 62, 707, 725 

from alkyl halides, 714-715, 728 
bonding, 62, 710 
chiral, 710 
nomenclature, 725. 968 
properties, 712 
proton exchange, 714 
reaction with base, 726 
resolution, 732 
stabilization, 723-724 

Amino acids, 850-860 
acidic, 854, 858 
acidity, 856-857 
amphoterism, 856 
basic, 854, 858 
biosynthesis, 529-530 
C- and N-terminal, 861-862 
as dipolar ions, 855 
electrophoresis, 857 
essential, 851 
isoelectric points, 857-858 
neutral, 854, 858 
ninhydrin test for, 859 
properties, 855-858 
in protein biosynthesis, 868 


structures, 850-854 
synthesis, 594, 716-717, 851, 859-860 
Amino alcohols, 526 
p-Amunobenzoic acid, 646 
2-Amino-1|-ethanol, 709, 894 
Amino group, 60, 959 
Amino ketones, 553 
Aminopyridines, 755-757 
2-Aminoquinoline, 758 
Anunosulfonamides, 646 
Ammonia 
acidity, 665 
basicity, 27, 30-31, 61, 722 
bond lengths and angles, 16. 62 
orbitals, 62 
reaction with acid anhydrides, 624 
reaction with acid halides, 616-617 
reaction with alkyl halides, 714-715 
reaction with carbonyl group, 528 
reaction with esters, 632 
Ammonium salts (see Amine salts; Quaternary 
ammonium salts) 
Amphetamine, 150, 707 
Amplitude of waves, 42 
Amygdalin, 527, 820 
Amyl group, 952 
Amylopectin, 840-842 
Amylose, 840 
Anaerobic decay, 101 
Androgens, 908-909 
Androsterone, 909 
Anesthetics, 292 
Angstrom unit (А), 5. 314 
Angular methyl groups, 907 
Anhydrides of carboxylic acids (see Acid 
anhydrides) 
Anilides, 967 
Aniline, 451 
basicity, 722, 724 
bromination, 466, 474, 477 
from chlorobenzene, 493 
conversion to benzonitrile, 648 
conversion to diazonium salt, 487 
in coupling reactions, 490 
from nitrobenzene, 487 
properties, 711 
reaction with acetaldehyde. 528 
reaction with Lewis acids, 478, 496 
resonance structures, 476, 724 
Anilinium ion, 724, 968 
Animal fats (see Fats) 
Anion, 8 
Anisole, 294 
Anisotropic effects, 334 
[18]Annulene, 366 


Anomenie carbon, 815 
Anomeric effect, 819 
Anomers, $15 
Antarafacial migration, 797 
Anthocyanins, 927-928 
Anthracene, 742 
bonding. 744-745 
Diels-Alder reaction, 493 
numbering. 7444 
reactions, 747-748 
Anthracite, 103 
Anthraquinones, 747. 927 
anti-addition, 402 
Anubxxlies. 571 
Antibonding molecular orbitals (see also 
Molecular orbitals). 43 
of benzene, 461 
and cyclization. 792 
of ethylene, 55-56 
of hydrogen. 45-46 
Anticodon, 868 
anti-conformation. 122 
anti-elimination (see also E2 reactions), 197 
Antifreeze. 109, 255 
Anti-Markovnikov addition. 394, 398 
Antioxidant, 235 
Apartmenthousane, 125 
Aphid pheromone, 375 
Arabinose. 813, 828-831 
Arachidonic acid, 896 
Arecaidine, 765 
Arginine (arg). 852, 858 
Ar group, 162 
Aromatic compounds (see also Aromaticity ; 
Benzene; etc.), 68, 462, 450 
carcinogenic, 453 
in coal tar, 103 
by dehydrogenation, 414 
electron delocalization, 458-459, 462 
heterocyclic. 743, 752-761 
infrared spectra, 318-320, 454-456 
nmr spectra, 334-336, 339, 343, 348-349, 
457-458. 518, 759 
nomenclature, 96, 451-452, 743-744, 
752-753, 956-958 
oxidation, 746 
physical properties, 453-454 
polycyclic, 742-751 
reaction summary tables, 495, 774 
resonance energy, 459, 462, 745 
sources. 103, 450, 453 
stability, 458-462 
uv spectra, 921-922 
Aromaticity 
in benzene. 67-68. 460-462 
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in cyclopentadienyl anion, 464-465 
in heterocyclic compounds, 69, 753, 758-759 
and nmr, 457, 759 
in polycyclic systems, 68, 744 
requirements, 463 
Aromatic pi cloud, 67, 460 
Aromatic substitution 
electrophilic (see also Benzene), 465-482 
of heterocycles, 754-761 
nucleophilic, 491-494, 755-757 
of polycyclic aromatics, 748-751 
use in synthesis, 494-497 
Arrows 
crossed, for dipole moment, 19 
curved, for electron shifts, 16 
double, for equilibrium, 69 
double-headed, for resonance, 69 
fishhook, for one-electron shifts, 17 
Arylamines (see also Amines), 707 
from aryl halides, 491-493 
conversion to diazonium salts, 728 
from nitrobenzenes, 487 
nomenclature, 968 
toxicity, 712 
Aryldiazonium compounds (see Diazonium salts) 
Aryl esters, 616. 627 
Aryl ethers, 293, 484 
Aryl halides, 161-162 
conversion to arylamines, 491, 493 
conversion to phenols, 491 
from diazonium salts, 487—488 
electrophilic substitution, 474-480 
Grignard reagents from, 237-238 
nucleophilic substitution, 491-493, 755 
reactivity, 162, 491, 755 
Aryl ketones (see Phenyl ketones) 
Aryl nitriles, 648 
Ascorbic acid. 635, 824, 826-827 
Asparagine (asn), 852 
Aspartic acid (asp), 594, 852, 858 
Asphalt, 101 
Aspirin, 485, 895 
Atactic polymer, 433 
Atomic orbitals 
aufbau principle. 4 
degenerate, 4 
filling, 4-5 
Hund’s rule, 5 
nodes in, 43 
overlap, 43 
р. 3 
5,2-3 
as wave functions, 43 
Atomic radius, 5-6, 582 
Atomic structure (see also Atomic orbitals), 2-5 
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Апорше. 764 

Aufbau principle. 4 
Automobile fuels. 101-103 
Auto-oxidation, 234 
Auxochromes, 927 
Axial-axial interactions, 128 
Axial substituents, 126, 128 
Aza, as prefix. 957. 968 
Azelaic acid, 964 
Azeotrope, 453 
Azobisisobutyronitrile, 236 
Azo compounds, 490 

Azo dyes, 930 

Azo group, 959 

Azulene, 499 


Baeyer test, 416 
Ball-and-stick formulas, 119 
Balsam. oil of. 912 
Barbiturates, 644 

Barbituric acid, 85. 644 
Base peak. 935 


Bases 
alkoxides, 203 
amines, 27, 31. 61-62. 722-725 


Brónsted -Low гу, 26 
conjugate. 31 
in DNA, 767-768 
Lewis, 32 
organometallics, 243 
reaction with alkyl halides (see S,1. 5,2. El. 
and E2 reactions) 
reaction with aryl halides. 491-494. 755 
reaction with а hydrogens, 542. 663-668. 670 
strong and weak, 27 
Base strength, 30 
of alkoxides, 279, 665 
of amide ions, 376-377. 665 
of amines, 31. 722-725 
of aniline, 722. 724 
of carbanions, 239, 582 
factors affecting, 582-583. 723-725 
of Grignard reagents, 239, 243 
of nucleophiles, 203 
of pyridine, 724. 754 
of pyrrole. 759 
Basicity, versus nucleophilicity, 167-168 
Basicity constants, 30-31 
Benadryl. 305 
Bending vibrations, 316 


Cannizzaro reaction, 685 
conversion to benzylamine, 541. 718 
in crossed aldol condensation, 68 1-682 
from mandelonitrile, 526-527 
in Wittig reaction, 533 
Benzamide (see also Amides). 606 
Benzanilide, 967 
Benzanthracene, 453 
Benzene (see also Aromatic compounds) 
activating substituents, 474, 476-481, 491 
acylation. 472. 511. 617 
alkylation, 470-472 
azeotrope of, 453 
trom benzenesulfonic acid. 497 
bonding, 67-68, 460-461 
bromination, 467-469 
chlorination. 466 
deactivating substituents, 474. 476. 478-481 
in gasoline, 103 
halo substituents, 466-469. 478-479. 491-494 
history, 450, 460 
hydrogenation, 82. 458-459 
Kekule structures. 68. 460 
and kinetic isotope effect. 469 
m-directors, 475-476, 480 
nitration, 466. 469-470 
nmr spectrum, 462 
0.p-directors, 475-480 
phy sical properties, 454 
pi orbitals. 460-461 
resonance energy, 459, 462 
resonance structures. 68. 460 
ring current, 334-335 
second substitution, 474-48 | 
sources. 450 
stability, 72, 458—459. 462 
substituent effects. 481 
sulfonation, 473 
third substitution, 481-482 
use in synthesis, 494-497 
Benzene compounds (see also Aromatic 
compounds: Alkylbenzenes: Aryl halides: 
etc.) 
from diazonium salts, 487—190 
Friedel -Crafts reactions, 496 
infrared spectra, 454-456 
nmr spectra, 334-335. 457-458 
nomenclature. 96. 451-452. 956-957 
oxidation, 483. 576 
reaction summary table, 495 
substitution reactions, 474—482 


Benzaldehyde (see also Aldehydes). 510, 514, Benzenediazonium salts (see Diazonium salts) 


966 Benzenesulfonic acid, 284, 473.497 
Benzenesulfonyl chloride. 645 


from benzoy! chloride. 620 


Benzenonium ion, 467 
Benzo[a]py rene, 453 
Benzoate ions, stabilization, 385-587 
Benzocaine. 661 
Benzo group. 969 
Benzoic acid (see also Carboxylic acids), 451. 
569 
from alkylbenzenes, 483. 576 
esterification, 281. 58$. 628 
from methyl benzoate, 628, 630 
reduction, 620 
Benzoic acids, acidity, 585-587 
Benzoic anhydride (see also Acid anhydrides), 
606 
Benzonitnle (see also Nitriles), 488. 606. 
647-648 
Benzophenone. 451. 514, 969 
Benzoquinones, 486 
Benzoyl chloride (see also Acid halides), 606 
reaction with Grignard reagent, 618 
reaction with piperidine, 617 
reduction. 620 
Benzoyl group. 571, 969 
Benzoyl peroxide. 235 
Benzyl acetate, 205, 627 
Benzyl alcohol (see also Alcohols), 187. 451 
from benzoic acid, 620 
from benzyl chloride. 187-188 
from ethyl benzoate, 633 
Benzvlamine (see also Amines). 541, 711. 718 
Benzyl bromide (see also Benzylic halides), 205, 
581 
Benzyl carbanion. 482 
Benzyl chloride (see also Benzylic halides), 627 
Benzyl free radical, 482 
Benzyl group, 185. 452 
Benzyl halides. from toluene, 228 
Benzylic alcohols, 260. 275 
Benzylic cation, 188-189 
Benzylic halides, 185 
reaction with carboxylates, 627 
reaction with enamines. 676 
reaction with water, 187-189 
reactivity, 185 
Benzylic halogenation. 225, 228 
Benzylic position, 186, 482 
Benzylic radical, 222-223, 225 
Benzylmagnesium chlonde, 237 
Benzyne, 493-494 
Beta (8) 
in carbohydrates, 815-816 
in carbonyl nomenclature, 510-511 
in heterocycles, 752 
in polycyclic nomenclature, 744 
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in steroids, 907 
Beta cleavage, 231 
Beta elimination, 194 


Beta position, 194, 510-511 
Beta sheet, 874 
Betel nut, 765 
ВНА. 236 
BHT, 236 
Biacetyl. 564 
Bicarbonate ion, reaction with carboxylic acids, 
578 
Bicyclic compounds (see also Terpenes), 901, 
959 
Bijvoet, J.M., 140 
Bile acids, 909-910 
Bimolecular elimination (see also E2 reactions), 
192 
Bimolecular substitution (see also S42 reactions, 
170 
Biot, Jean-Baptiste, 139 
Biotin, 878 
Biphenyl, 959 
bis, as prefix, 950 
Bisulfite addition products, 527 
Bituminous coal, 103 
Blankophor R, 933 
Bleaches, optical, 933 
Blocking groups, 525, 865 
Boat form of cyclohexane, 126-127 
Boiling points 
and branching. 23, 99, 380 
and hydrogen bonding, 25-26, 256 
Bombardier beetles, 486 
Bond angles, 16 
in ammonia, 16, 62 
in benzene, 125 
in cyclic compounds, 123-125 
around sp carbon, 57 
around sp? carbon, 51-52, 376 
around sp? carbon, 48-50 
in water, 16, 63 
Bond dissociation energy, 16-18 
carbon-hydrogen bonds, 48, 225 
halogens, 220 
sigma and pi bonds, 53 
table of, 18 
Bonding molecular orbital (see also Molecular 
orbitals), 43-44 
Bond lengths, 5, 16 
in ammonia, 16 
in benzene, 67 
effects of hybridization, 57-58 
in naphthalene, 745 
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Bond lengths (continued) 
in water, 16 
Bond moment, 20 
Bonds 
coordinate covalent, 10 
covalent (see also Molecular orbitals). 7-9 
double, 8, 51-54 
hydrogen (see Hydrogen bonds) 
ionic, 7 
polar and nonpolar, 19 
single, 8. 47-50 
triple, 8, 56, 62 
Boranes, 398-400, 969 
Bornane, 955 
Bornyl chloride, 902 
Borohydride (see Sodium borohydride) 
Boron compounds (see Boranes) 
Bradykinin, 884 
Branched alkyl groups, 89 
Branched-chain alkanes, 87-91 
Bredt’s rule, 901 
Bridged intermediates, 396, 402 
Bridged rings (see або Terpenes), 901 
Bridgehead carbon, 901 
Bromination (see also Halogenation) 
of alkanes, 220. 226-228 
of alkvIbenzenes. 228 
of benzene, 467-469 
with NBS, 229 
Bromine test, 401 
Bromo, as prefix. 92 
Bromoacetone 
from acetone, 547-548 
reaction with enamines. 676 
Bromoalkanes (see Alkyl bromides) 
m-Bromoaniline, 496 
Bromobenzene (see also Ary! halides), 96, 468, 
488 
1-Bromobutane (see also Alkyl halides) 
reaction with acetoacetic ester. 670 
reaction with ammonia, 715 
reaction with cyanide, 648 
reaction with malonic ester, 664 
2-Bromobutane (see also Alkyl halides). E2 
reaction, 195, 200 
1-Bromo-1-cyclohexanecarboxylic acid, 621 
2-Bromocyclohexanone, 547 
1-Bromo-1.2- diphenylpropane. 198 
Bromoethane (see also Alky! halides) 
reaction with base, 169, 174 
reaction with magnesium, 238 
reaction with malonic ester, 667-668 
reaction with nucleophiles, 165, 293, 714 
Bromoform. 549 
Bromomalonic ester, 716 


Bromomethane (see Methyl halides) 
|-Bromonaphthalene, 748-750 
Bromonium ion, 402, 467 
Bromopentanes, reaction with base, 197, 386 
2-Bromopropanal. 511 
1-Вготоргорапе (see also Alky! halides), 227, 
262. 394 
2-Bromopropane (see also Alky! halides), 227, 
394 
deuteriated, 193 
reactions with base, 166-167. 175. 192-193 
a-Bromopropionaldehyde, 511 
Bromopyridines, 754-755 
N-Bromosuccinimide, 229 
Brónsted- Lowry acids and bases, 26 
Brown, H.C.. 398 
Brucine, 733 
Burning (see Combustion) 
],3-Butadiene 
bonding, 65-66 
in Diels-Alder reactions, 423-426, 788-789 
in electrocyclic reactions, 789-791 
pi orbitals, 782-783 
reaction with H Br. 420—123 
Butanamide, 639 
Butane (see also Alkanes), 83, 86 
conformations, 121-122 
properties, 99 
1.3-Butanediol, 259 
Butanenitnle. 649 
Butanoic acid (see also Butyric acid; Carboxylic 
acids), 667 
1-Butanol (see also Alcohols), 257-258 
2-Butanol (see also Alcohols) 
from butanone, 537 
by Grignard synthesis, 535 
reaction with acid anhydrides, 627 
reaction with РС 271 
reaction with thionyl chloride, 271-272 
reaction with tosyl chloride, 285 
from saponification, 630 
Butanone (see also Ketones), 510 
conversion to amine, 541 
reduction. 537 
Butanoy! chloride, 613 
2-Butenal, 680 
]-Butene (see also Alkenes). 229. 730 
2-Butene (see also Alkenes). 403-404 
cis and trans, 378 
reaction with HCl. 391 
Butenes 
from 2-bromobutane. 194-195, 200 
heats of hydrogenation, 412-413 
properties, 83 
Butenols. 188 


t-Butoxide ion (see also Alkoxides) 
as base. 205 
in elimination reactions, 200. 386 
reaction with iodomethane, 293 


t-Butyl alcohol (see also Alcohols), 257. 260 


from acetone, 239 
acidity, 278 
dehydration, 273 

as gasoline additive, 103 


reaction with acid halides, 616. 627 
reaction with hydrogen halides, 268-269 
1-Butylamine (see also Amines), from 


]-bromobutane, 715 
2-Butylamine, 720 


n-Butylamine (see або Amines), from 


butanenitrile. 649 
t-Butylamine. 707 
t-Butylbenzene. 471 
2-Butyl benzoate, 630 


t-Butyl bromide (see also Alkyl halides) 


Е] reaction, 190-191 

E2 reaction, 194 

trom isobutane, 223 

reaction with base, 175-178, 191 
reaction with magnesium, 237 
reaction with water, 190 


t-Butvl chloride (see also Alkyl halides), 164 


from t-butyl alcohol, 268-269 
elimination, 166 
» from isobutane. 223 

t-Butylcyclohexane, 128 
t-Butyl free radical, 223 
Butyl groups. 90 
2-Butyl hydrogen phthalate. 627 
n-Butyllithium, 236 


t-Butyl methyl ether, as gasoline additive. 103 


t-Butyl methyl ketone. 619 
2-Butyne (see Alkynes) 
Butyraldehyde, 510, 514 
Butyramide, 639 


Butyric acid (see also Butanoic acid), 234, 510, 


888 
origin of name. 87. 570-572 
5-Butyrolactone, 635 
Butyryl chlonde, 613 


Cadaverine, 709 

Cadmium reagents, 618-619 
Caffeine. 639 

Cage molecule, 787-788 


Cahn-Ingold- Prelog system, 115-116, 141 


Calciferol, 800 
Calcite, 138 
Calcofluor SD. 933 
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Camphor, 125, 900 

reaction with LAH, 539 
Cancer, 233 
Cannizzaro reaction, 685 
Cantharidin, 606 
Capric acid, 571 
Caproic acid, 571-573 
Caprolactam, 643 
Caprylic acid, 571 
Carbamates, 613-645, 865-866 
Carbanion character 

of enamines, 675 

of Grignard reagents, 239, 663 
Carbanions (see або Enolates), 239 


in aromatic nucleophilic substitution, 492 


benzylic, 482 
Carbazole. 958 
Carbenes, 406-408, 485 
Carbocation character, 181 
Carbocations. 177 
in alkene additions, 389-395, 421 
in El reactions, 190-191 
geometry, 179 


primary, secondary, and tertiary, 182 


rearrangements, 183, 393 

in S,1 reactions, 177-189 

stabilities, 181-183, 187-189 
Carbohydrates (see also Glucose; 


Monosaccharides; Disaccharides; 


Polysaccharides), 806 
calories in, 889 
fermentation, 265 
oxidation, 231 

Carbolic acid, 280 
Carbon 
bonding, 9 
electronegativity, 7 
hybrid orbitals, 47-59 
oxidation state, 286 
Carbonate ion, 69 
Carbonates, 645 
Carbon black, 100 
Carbon dioxide 
from alkene oxidation, 418 
from combustion, 100 
from decarboxylation, 593-594 
in Kolbe reaction, 484—485 


reaction with Grignard reagents, 240, 577 


in uv spectra, 918 
Carbonic acid, acidity, 578 


Carbonium ions (see also Carbocations), 179 


Carbon monoxide, 100, 231 
Carbon monoxide poisoning, 876 
Carbon-13 nmr spectra 

n-octane, 356 
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Carbon-13 nmr spectra (continued) 
vinyl acctate, 357 
Carbon-13 nmr spectroscopy, 355-357 
Carbon tetrachloride, 161, 163, 216 
Carbonyl compounds (see also Aldehydes, 
Esters; Ketones; etc.) 
acidity, 542, 664-666 
classes, 64, 606 
a-halo, reaction with enamines, 676 
tautomerism, 543-544 
a, B-unsaturated, 550-553, 594, 692 
Carbonyl group, 63-64, 513 
Carboxylates, 28 
bonding, 569-570 
formation, 28, 580 
in Grignard reactions, 240 
nomenclature, 580, 968 
as nucleophiles, 204-205, 581 
reaction with acid halides, 617, 622 
reaction with alkyl halides, 581, 627 
Carboxyl group. 27-28, 95,569 
Carboxylic acid derivatives 
reaction summary table, 652-653 
synthesis table, 651 
Carboxylic acids (see also Diacids; Fatty acids; 
etc.), 27, 64, 569 
from acid anhydrides, 623 
from acid halides, 614-615 
acidity, 27-28, 73, 569, 578, 581-587, 591 
from alcohols, 287-289, 576 
from aldehydes, 234, 541-542, 576 
from alkenes, 414, 417-419. 576 
from alkylbenzenes, 483, 576 
from amides, 641-642 
by Cannizzaro reaction, 685 
conversion to acid halides, 613 
conversion to anhydrides, 592, 623 
decarboxylation, 593-594 
derivatives of (see also Amides; Esters; etc.), 
575, 605-606 
from 8-diacids, 593, 667, 669 
esterification, 281, 588-590, 626-627 
from esters, 576, 628-63] 
from fats, 234, 637 
formulas, 64 
by Grignard reaction, 240, 576 
halogenated, 583-584, 620-621 
hydrogen bonds, 327, 572 
infrared spectra, 324-327, 573-574 
from ketones, 545, 549 
from malonic ester, 667-673 
by Michael additions, 692 
neutralization equivalent, 579-580 
from nitriles, 577, 648-649 


nmr spectra, 336, 574 
nomenclature, 95, 570-571, 591, 962 
odors, 572 
physical properties, 572-573 
pK, values, 29-30, 569, 581, 583-586, 591 
polyfunctional (see Diacids; Hydroxy acids; 
etc.) 
reaction with alcohols, 281, 588-590, 
626-627 
reaction with bases, 28, 578-580 
reaction with diazomethane, 627 
reaction summary table, 595-596 
reactivity, 588 
reduction, 590 
resolution, 149-150, 732 
resonance structures, 73 
salts (see Carboxylates) 
synthesis table, 575 
trivial names, 510, 570-571, 962 
unsaturated, 594 
use in synthesis, 595 
Carboxypeptidase, 864 
Carcinogens, in coal tar, 453 
д} -Сагепе, 442 
Carminic acid, 927 
Carotene, 902 
Caryophyllene, 912 
Catalytic converters, 103 
Catalytic cracking, 102 
Catalytic hydrogenation (see also 
Hydrogenation), 409 
Catalysts 
in aromatic substitution, 466—467 
enzymes as, 877 
free-radical, 235 
hydrogenation, 410-411 
phase-transfer, 727 
poisoned, 103, 410 
polymerization, 428, 431-432 
Zeigler-Natta, 431 
Catechol, 486 
Cation, 8 
Catnip, 635 
Cell membranes, 895 
Cellobiose, 836-837 
Cellulose, 807, 839-840 
Centimeters, reciprocal, 313 
Cephalins, 893-894 
Cerebrosides, 912 
Cetyl palmitate, 888 
Chain length, of free-radical reaction, 218 
Chain reaction, 217 
Chair form of cyclohexane, 126-127 
Charges, partial, 19 


Chelation, 762. 929 
Chemical exchange, 349 
Chemical formulas (see a/so Formulas). 12-13 


Chemiluminescence, 934 
Chiral carbon atoms, 132 
multiple. 144-145 
Chirality, 131-135, 146-148 
Chitin, 542-843 
Chloral, 521-522 
Chloral hydrate. 521 
Chlordane, 426 
Chlorination (see або Halogenation) 
of alkanes, 215-228 
of alkylbenzenes, 226. 228 
of benzene, 466 
free-radical, 215-228 
of methane, 18, 99. 215-224 
Chloro. as prefix, 92 
Chloroacetic acid. 583 
Chloroacetyl chloride. 620 
Chloroalkanes (see Alkyl halides) 
Chlorobenzene (see also Aryl halides) 
from benzene. 466 
conversion to aniline, 493 
from diazonium salt. 488 
nitration, 466 
2-Chlorobutane (see also Alkyl halides). 272, 
391 
1-Chloro-2-butene. 188 
Chloroethene. 162 
Chloroform. 161. 163 
as anesthetic, 292 
conversion to carbene. 408 
in haloform reaction, 549 
from methane, 216, 219 
in Reimer-Tiemann reaction, 485 
Chlorohydrins (see Halohydrins) 
Chloromethane (see also Methyl halides), 163. 
216 
Chloronitrobenzenes, 474, 491. 494 
3-Chloro-2-pentene. 186 
Chlorophyll а, 762 
3-Chloropropanal, 551 
1-Chloropropane (see also Alkyl halides), 223. 
227. 391 
2-Chloropropane (see also Alkyl halides). 223, 
227. 39] 
2-Chloropropanoic acid. 621 
3-Chloro- 1-propanol, 120 
1-Chloro-1-propene. 112 
Chlorosulfite, 272 
Cholestane, 905 
Cholesterol (see also Steroids). 887.899. 908 
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Cholic acid, 909-910 
Choline, 727 
Choline chlonde, 894 
Chromic acid, 288 
Chronic oxide-pyndine complex, 289 
Chromophores, 927 
Chymotrypsin, 886 
Cigarette tar, 453 
Cinnamaldehyde, 681 
Cinnamic acid, 683 
Cinnamyl group. 956 
cis as prefix, 111. 119 
cis-addition (see Syn-addition) 
s-cis-dienes, 424—425 
cis, trans-isomers (see Geometnc isomers) 
Citral. 900. 904 
Citrate ion, 638 
Citric acid, 580, 726 
Civetone, 565 
Claisen condensations, 686-691 
Claisen rearrangement. 795 
Cleavage reactions 
a. 408 
of alkanes. 230-231 
of alkenes, 414, 417—119 
8.231 
of epoxides. 295-298 
of ethers, 293-294 
heterolytic. 16 
homolytic. 16 
of ketones, 545 
Clemmensen reduction, 540-541 
Cloves, oil cf. 912 
Coal. 103 
Coal gas, 103 
Coal gasification, 104 
Coal liquefaction, 104 
Coal tar. 103. 453 
Cocaine, 764 
Cochineal. 927 
Codeine, 763 
Codon, 868 
Coenzyme A, 638 
in ethanol metabolism, 288 
pantothenic acid in, 878 
Coenzyme Q, 232 
Coenzymes, 877 
Cofactors, 877-879 
Coke. 101, 103 
Collagen, 872-874 
Colored compounds, 927-932 
Colors, 923-924, 927 
Combustion 
of alkanes, 99-101 
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Combustion (continued) 
of ethanol, 287 
heat of, 100-101 
of wood, 100, 231 
Common name, defined, 85 
Competing reactions, 167, 173 
Concerted reaction, 169 
Condensation reactions (see also Aldol 
condensation; Ester condensations; efc.), 
678 
Condensed-ring compounds, 742 
Cones, in eye, 925 
Configuration 
absolute, 140 
of amino acids, 851 
inversion of, 170 
of monosaccharides, 809-813 
(К) and (5). 141-145, 961 
relative, 140, 809 
retention of, 271 
Conformation, 119-122 
anti, 122 
of conjugated polyenes, 424 
of cyclic compounds, 123-130, 901, 905 
eclipsed and staggered, 121 
gauche, 122 
of glucose, 819 
Conformers, 121 
Coniine, 732 
Conjugate acids and bases, 31 
Conjugated dienes (see also Dienes), 65-66 
Conjugated polyenes (see Pericyclic reactions; 
Polyenes) 
Conjugation, 65-66 
and color, 92] -922 
in unsaturated carbonyl compounds, 550-553 
Conrotatory motion, 790 
Continuous-chain alkanes (see also Alkanes), 
86-87 
Continuous-chain alkyl groups, 87 
Contraceptives, oral, 907-909 
Coordinate covalent bond, 10 
Cope elimination, 739 
Cope rearrangement, 795 
Copolymers, 430 
Corey-House reaction (see Cuprates) 
Coriander oil, 419 
Corn oil, 413 
Coronene, 922 
Cortisol, 908 
Cortisone, 908 
Cosmic rays, 313 
Cotton, 807, 839 
Coupling constant, 344 
Coupling reaction, 218, 429 


Coupling reactions, diazonium, 489-490 
Covalent bonds (see also Molecular orbitals), 
7-9 
coordinate, 10 
dissociation encrgy, 16-18 
polar and nonpolar, 19 
Covalent radius, 5 
Cracking reactions, 102, 231 
Crafts, J., 470 
o-Cresol, 966 
p-Cresol, 279, 48] 
Crick, EH.C., 768 
Crotonaldehyde, 680 
Crotonic acid, 962 
Crude oil (see Petroleum) 
Crysamine G, 945 
Crystal violet, 945 
C-terminal amino acid, 861-862 
Cubane, 125 
Cumene, 470, 956 
Cumulated double bonds, 47 
Cuprates, 242, 619 
Cyanide ion 
reaction with alkyl halides, 169, 727, 
647-648 
reaction with unsaturated aldehydes and 
ketones, 552-553 
Cyanides, organic (see Nitriles) 
Cyanidin chloride, 928 
Cyanin, 928 
Cyano group (see also Nitriles), 647 
Cyanohydrins, 525-526, 811 
Cyclamates, 646 
Cyclic compounds (see also Aromatic 
compounds; Cycloalkanes) 
by Dieckmann ring closure, 688, 691 
by Diels-Alder reaction, 423-427 
E2 reactions, 199 
formulas, 14-15 
geometric isomers, 117-119 
monosaccharides as, 814-819 
from polyenes, 423-424 
by Robinson annelation, 694 
Cyclic hemiacetals and acetals, 324-525, 814 
Cyclization (see also Cycloaddition reactions: 
electrocyclic reactions) 
of diacids, 592, 623 
by Dieckmann ring closure, 688. 691 
of hydroxy acids, 635-636 
of monosaccharides, 814 
Cyclo, as prefix, 87, 955 
Cycloaddition reactions (see also Diels-Alder 
reactions), 781, 785-789 
[2 + 2]. 785-788 
[4+ 2], 785. 788-789 
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Cycloalkanes, 14-15. $1. 85 Cyclopropane (хее also Cycloalkanes) 
bndged, 901 energy of, 101, 123-124 
conformations, 123-130. 905 hydrogenation, 124 
disubstituted. 128-130 Cyclopropanes (see also Cycloalkanes). from 
heat of combustion, 100-101. 123 alkenes and carbenes, 407—108 
nomenclature, $7. 955 Cysteine (cy S). 852. 854 
strain energy. 123 Cystine, 854 

Cycloalkenes, 955 Cytidine, 772 
from polyenes, 789-794 Cytochrome с, 762 
ring opening, 789 Cytosine, 767, 770 


Cyclobutane (see also Cycloalkanes). 123 
conformation, 124-125 
from ethylene, 785-787 


Cyclohexane (see also Cycloalkanes). 15, 118 d, as prefix, 139. 809 

from benzene. 409. 458—159 D (for Debyes), 20 

conformations, 123. 126-128 D and L system, 809, 815-816 

equatorial and axial groups. 126-128 Dacron, 637 

Newman projections, 127 DBAH, 539 

solubility. 26 DDT. 161 
Cyclohexanecarboxaldehyde, 679. 966 Deactivating group, on benzene, 474-476. 
Cvclohexanecarbox vlic acid, 289, 570 478-481 

reaction with base. 580 de Broglie, Louis. 41 

reaction with bromine. 621 Debyes, 20 

reaction with diazomethane, 627 Decalin, 125, 748. 906 
1. 2-Cyclohexanediol, 298. 415 Decane, 86 
1. 2-Cvclohexanedione, 545 1-Decanol, 633 
Cyclohexanone. 510 Decarboxylation 

bromination, 547 of 8-diacids. 593, 667. 669 

conversion to cyclohexylamine, 541 of keto acids, 593, 671, 687 

enamine of. 674 of Michael product, 692 

hydrogenation, 536 Decatetraene, cyclization, 794 

in Wittig reaction, 533 Decoupling, in nmr, 356 
Cyclohexatriene, 459 Degenerate orbitals, 4, 47 
Cyclohexene (see also Alkenes) Dehydration 

conversion to diol, 415 of alcohols, 273-275 

heat of hydrogenation, 458 of aldols, 680-681 

oxidation, 576 7-Dehydrocholesterol, 799-800 
Cyclohexene oxide, 298 Dehydrogenation, 414, 880 
Cyclohexylamine. 708 Dehydrohalogenation reactions. 166 

basicity, 724 Delocalized electrons, 66 

from cyclohexanone, 541 in benzene, 67, 72, 458-459. 462 
Cyclohexylmethanol. 289 and resonance, 68-69. 72-73. 462 
2-Cyclohexyl-2-propanol, 633 Demercuration, 396 
Cyclooctatetraene, 462-464 Denaturation, 876 
Cyclopentadiene Denatured alcohol, 266 

in Diels-Alder reaction, 425-427 Deoxy, as prefix, 808 

ions of. 464-465 Deoxyadenosine, 769 
Cyclopentane (see also Cycloalkanes). 123, 125, Deoxycytidine, 769 

465 Deoxyguanosine, 769 

1, 2-Cyclopentanediol, 416 Deoxyribonucleic acids (see also DNA), 766 
Cyclopentanone Deoxyribose. 767. 807-808 

reaction with amines, 528 Deoxythymidine, 769 

reaction with phenylhydrazine, 532 Deshielded proton, 331 
Cyclopentene, diols from, 416 Desoxycholic acid, 914 


Cyclopentene oxide, 295 Destructive distillation, 103 
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Detergents, 726, 892-893 
Deuteriated compounds, 193, 222, 469 
synthesis, 247, 399 
Dexedrine, 707 
Dextrins, 842 
Dextromethorphan. 763-764 
Dextrorotatory compound, 139 
Dextrose, 808 
Di, as prefix, 91 
Diacids 
acidity, 591 
anhydrides, 592. 623 
decarboxylation. 593, 667, 669 
nomenclature, 591, 963-964 
synthesis, 670, 672, 693 
Diamines (see або Amines). 708 
Diastereomers, 145-146 
separation, 149-150 
Diazomethane 
conversion to methylene, 407 
reaction with carboxylic acids, 627 
resonance structures, 627 
Diazonium salts 
in dye synthesis, 930 
reactions, 487-490, 728-729 
synthesis, 487, 728 
Dibasic acids (see або Diacids), 591 
Diborane (see also Hydroboration), 398 
Dibromoalkanes (see Dihaloalkanes) 
1, 2-Dibromoethane, 103 
Dicarbonyl compounds, acidity (see also 


Malonic ester; Acetoacetic ester; etc.), 542, 


665-666 
Dichloroalkanes (see Dihaloalkanes) 
Dichlorocarbene, 408, 485 
1.2-Dichloroethane, 103 
1.2-Dichloroethene, 111 
Dichloromethane, 163 
from methane, 216, 218 
in polyurethane foam, 645 
Dicyclohexylcarbodiimide, 867 
Dieckmann ring closure, 688, 691 
Dieldrin, 426 
Dielectric constant, 203 
Diels, O., 423 
Diels-Alder reaction, 423-427, 785 
mechanism, 788-789 
triptycene by, 493 
Dienes 
addition reactions, 420-423 
conjugated, 65-66 
Diels-Alder reaction, 423-424 
nomenclature, 93, 377, 953 
orbitals, 66, 782-783 


stability, 413 

by Wittig reaction, 533 
Dienophile, 423 
Diesel fuel, 101 
Diethyl adipate, 633, 688 
Diethylamine (see або Amines), 708, 723 
Diethyl n-butylmalonate, 664 
Diethyl ether (see або Ethers), 261 

peroxides in, 234 

preparation, 292 

properties, 257-258 

reaction with hydrogen iodide, 293-294 

as solvent for Grignard reagent, 238 
Diethyl ethylmalonate, 667-669 
Diethyl ethylmethylmalonate. 669 
Diethyl malonate (see also Malonic ester). 664 
Diglycerides, 889-890 
Dihaloalkanes 

from alkenes, 401-405 

from alkynes, 390 
Dihydroubiquinone, 232 
Dihydroxyacetone phosphate. 546 
Dihydroxybenzene (see Hydroquinones) 
Diiodoalkanes, instability of, 401 
Diisobutylaluminum hydride, 539 
Dimedone, 703 
Dimensional formulas. 120 
Dimers, 428 

of carboxylic acids, 327, 572 
Dimethylamine (see або Amines), 711 

from amide hydrolysis, 641 

basicity, 31, 722-723 

reaction with acetyl chloride, 617 
Dimethylammonium ion, 611. 708 
Dimethylbutanols, dehydration. 275 
cis-1.2-Dimethylcyclohexane, 411 
Dimethylcyclohexanes, conformations. 

129-130 
Dimethylcyclooctatriene. 794 
Dimethyl ether (see also Ethers), 25-26. 63. 82, 
258 

N,N-Dimethylformamide, 204. 639-640 
2,2-Dimethyloxirane, 296, 298 
N.N-Dimethylpiperidinium hydroxide, 730 
N,N-Dimethylpropanamide, 611 
N,N-Dimethyl-2-propylamine, 708 
15.16-Dimethylpyrene, 367 
Dimethyl sulfate, 283-284 
Dimethyl sulfide. 300 
Dimethyl sulfone, 300 
Dimethyl sulfoxide. 300-301 
Dimethy] terephthalate, 637 
2.4-Dinitroaniline, 491 
m-Dinitrobenzene, 474 


2,4-Dinitrobenzoic acid, 576 
2.4-Dinitropheny hydrazine, 531-532 
Dinitrotoluenes. 481 
Diols, 239, 965 
.I-Diols, 521-522 
1,2-Diols 
from alkenes, 414-416 
from epoxides. 296-298 
nomenclature, 260, 965 
oxidation, 290 
pinacol rearrangement, 276-277 
preparation, 265 
reaction with aldehydes, 525 
p-Diones 
acidity, 665-666 
from crossed Claisen condensations. 689 
by enamine synthesis, 676 
tautomers, 544 
].3-Dioxane, 213. 256 
Dioxin, 502 
Dipeptides. 861 
Dipolar ions, 855-856 
Dipole-dipole interactions, 21-24 
Dipole. induced, 22-23 
Dipole montents 
of bonds. 20 
of methyl halides, 163 
molecular. 21-22 
Diprotic acids (see або Diacids), 591 
Diradical, oxygen as, 233 
Direct Blue 2B, 742, 930 
Disaccharides. 806. 835-839 
cellobiose. 836-837 
isomaltose, 842 
lactose, 837-838 
maltose, 835-836 
sucrose, 806, 838-839 
Displacement reactions, 166 
Disproportionation, 231, 429 
Disrotatory motion, 79] 
Dissociation energy (see also Bond dissociation 
energy), 16-18 
of hydrogen bonds, 23-25 
Disulfides. 300 
Diterpenes, 900 
DME 204 
DMSO, 301 
DNA, 766 
recombinant, 766 
replication, 771 
structure, 767-771 
DNA polymerase, 771 
DNP 532 
Double-bond character, 66, 196 


— 
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Double bonds (see also Alkenes: Ketones; etc.), 
8. 51-59, 63 
conjugated and isolated, 65-66 
cumulated, 47 
Doublet, in nmr, 343 
Downfield shift, 330 
Drying oils, 234 
Dyes. 742, 927-930 


e, 919 
€ (see Equatorial substituents) 
Е 166 
(E) and (Z) nomenclature, 113-116, 954 
Ес (see Energy of activation) 
Eclipsed groups, 121 
Eicosenoic acids, 896 
Elastins, 872 
Elastomers, 428 
Electrocyclic reactions, 782, 789-794 
conrotatory and disrotatory motion, 790-791 
stereochemistry, 789, 792-793 
types, 794 
and vitamin D, 798-800 
Electromagnetic radiation (see also Infrared 
radiation; Ultraviolet light), 313-314 
emission, 923 
energy, 916, 920 
Electron density, 2 
and inductive effect, 182, 332-334 
Electronegativity, 6-7 
and acidity, 582 
and bonding, 9, 19 
Electrons 
in free radicals, 216 
localized and delocalized, 66 
magnetic moment, 4 
pairing, 4 
sharing, 8 
transfer, 7 
Electron shells, 2 
Electron shifts, 70 
Electron spin, 4, 407 
Electron structure (see also Atomic orbitals), 
2-5,7 
Electron transitions 
and color, 927 
and fluorescence, 933 
of n electrons, 919-922, 927 
and photo-induction, 786 
of pi electrons, 56, 919-920, 923, 927 
and uv, 314, 916-922 
Electrophile, 166 
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Detergents, 726, 892-893 
Deuteriated compounds, 193, 222, 469 
synthesis, 247, 399 
Dexedrine, 707 
Dextrins, 842 
Dextromethorphan, 763-764 
Dextrorotatory compound, 139 
Dextrose, 808 
Di, as prefix, 91 
Diacids 
acidity, 591 
anhydrides, 592, 623 
decarboxylation, 593, 667, 669 
nomenclature, 591, 963-964 
synthesis, 670, 672, 693 
Diamines (see also Amines), 708 
Diastereomers, 145-146 
separation, 149-150 
Diazomethane 
conversion to methylene, 407 
reaction with carboxylic acids, 627 
resonance structures, 627 
Diazonium salts 
in dye synthesis, 930 
reactions, 487-490, 728-729 
synthesis, 487, 728 
Dibasic acids (see also Diacids), 591 
Diborane (see also Hydroboration), 398 
Dibromoalkanes (see Dihaloalkanes) 
1, 2-Dibromoethane, 103 
Dicarbonyl compounds, acidity (see also 


Malonic ester; Acetoacetic ester; etc.), 542, 


665-666 
Dichloroalkanes (see Dihaloalkanes) 
Dichlorocarbene, 408, 485 
],2-Dichloroethane, 103 
1.2-Dichloroethene, 111 
Dichloromethane, 163 
from methane, 216, 218 
in polyurethane foam, 645 
Dicyclohexylcarbodiimide, 867 
Dieckmann ring closure, 688, 691 
Dieldrin, 426 
Dielectric constant, 203 
Diels, O., 423 
Diels-Alder reaction, 423-427, 785 
mechanism, 788-789 
triptycene by, 493 
Dienes 
addition reactions, 420-423 
conjugated, 65-66 
Diels-Alder reaction, 423-424 
nomenclature, 93, 377, 953 
orbitals, 66, 782-783 


stability, 413 

by Wittig reaction, 533 
Dienophile, 423 
Diesel fuel, 101 
Diethyl adipate, 633, 688 
Diethylamine (see also Amines), 708, 723 
Diethyl n-butylmalonate, 664 
Diethyl ether (see also Ethers), 261 

peroxides in, 234 

preparation, 292 

properties, 257-258 

reaction with hydrogen iodide, 293-294 

as solvent for Grignard reagent, 238 
Diethyl ethylmalonate, 667-669 
Diethyl ethylmethylmalonate, 669 
Diethyl malonate (see also Malonic ester), 664 
Diglycerides, 889-890 
Dihaloalkanes 

from alkenes, 401-405 

from alkynes, 390 
Dihydroubiquinone, 232 
Dihydroxyacetone phosphate, 546 
Dihydroxybenzene (see Hydroquinones) 
Diiodoalkanes, instability of, 401 
Diisobutylaluminum hydride, 539 
Dimedone, 703 
Dimensional formulas, 120 
Dimers, 428 

of carboxylic acids, 327, 572 
Dimethylamine (see also Amines), 711 

from amide hydrolysis, 641 

basicity, 31, 722-723 

reaction with acetyl chlonde. 617 
Dimethylammonium ion, 641, 708 
Dimethylbutanols, dehydration, 275 
cis-1,2-Dimethylcyclohexane, 411 
Dimethylcyclohexanes, conformations, 

129-130 
Dimethylcyclooctatriene, 794 
Dimethyl ether (see also Ethers), 25-26. 63. 82, 
258 

N,N-Dimethylformamide, 204, 639-640 
2,2-Dimethyloxirane, 296, 298 
N,N-Dimethylpiperidinium hydroxide, 730 
N,N-Dimethylpropanamide, 641 
N,N-Dimethyl-2-propylamine, 708 
15,16-Dimethylpyrene, 367 
Dimethyl sulfate, 283-284 
Dimethyl sulfide, 300 
Dimethyl sulfone, 300 
Dimethyl sulfoxide, 300-301 
Dimethyl terephthalate, 637 
2,4-Dinitroaniline, 491 
m-Dinitrobenzene, 474 


2,3-Dinitrobenzoic acid, 576 
2.4-Dimtmphenylhydrazine, 531-532 
Dinitrotoluenes, 481 
Diols, 259. 965 
.1-Diols, 521-522 
.2-Diols 
from alkenes, 414—116 
from epoxides, 296-298 
nomenclature, 260, 965 
oxidation. 290 
pinacol rearrangement. 276-277 
preparation, 265 
reaction with aldehydes, 525 
8-Diones 
acidity, 663-666 
from crossed Claisen condensations, 689 
Бу enamine synthesis, 676 
tautomers, 544 
1.4-Ріохапе. 213. 256 
Dioxin, 502 
Dipeptides, 861 
Dipolar ions, 855-856 
Dipole-dipole interactions. 21-24 
Dipole, induced, 22-23 
Dipole moments 
of bonds, 20 
of methyl halides. 163 
molecular, 21-22 
Diprotic acids (see also Diacids), 591 
Diradical. oxygen as, 233 
Direct Blue 2B. 742, 930 
Disaccharides, 806, 835-839 
cellobiose, 836-837 
isomaltose. 842 
lactose, 837-838 
maltose, 835-836 
sucrose. 806, 838-839 
Displacement reactions, 166 
Disproportionation, 231, 429 
Disrotatory motion. 791 
Dissociation energy (see also Bond dissociation 
energy). 16-18 
of hydrogen bonds, 23-25 
Disulfides, 300 
Diterpenes, 900 
ОМЕ 204 
DMSO, 301 
DNA, 766 
recombinant, 766 
replication, 771 
structure, 767-771 
DNA polymerase, 771 
DNP 532 
Double-bond character. 66, 196 
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Double bonds (see also Alkenes; Ketones; еїс.), 
8. 51-59, 63 
conjugated and isolated, 65-66 
cumulated. 47 
Doublet, in nmr, 343 
Downfield shift, 330 
Drying oils, 234 
Dyes, 742, 927-930 


є, 919 
e (see Equatorial substituents) 
E*, 166 
(E) and (Z) nomenclature, 113-116, 954 
Ел (see Energy of activation) 
Eclipsed groups, 121 
Eicosenoic acids, 896 
Elastins, 872 
Elastomers, 428 
Electrocyclic reactions, 782, 789-794 
conrotatory and disrotatory motion, 790-791 
stereochemistry, 789, 792-793 
types, 794 
and vitamin D, 798-800 
Electromagnetic radiation (see also Infrared 
radiation; Ultraviolet light), 313-314 
emission, 923 
energy, 916, 920 
Electron density, 2 
and inductive effect, 182, 332-334 
Electronegativity, 6-7 
and acidity, 582 
and bonding, 9, 19 
Electrons 
in free radicals, 216 
localized and delocalized, 66 
magnetic moment, 4 
pairing, 4 
sharing, 8 
transfer, 7 
Electron shells, 2 
Electron shifts, 70 
Electron spin, 4, 407 
Electron structure (see also Atomic orbitals), 
2-5,7 
Electron transitions 
and color, 927 
and fluorescence, 933 
of n electrons, 919-922, 927 
and photo-induction, 786 
of pi electrons, 56, 919-920, 923, 927 
and uv, 314, 916-922 
Electrophile, 166 
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Elcctrophilic addition 
to carbonyl group, 513 
to a, B-unsaturated carbonyl compounds, 
550-551, 594 
to alkenes, 389-390 
Electrophilic aromatic substitution, 465-466 
Electrophoresis, 857 
Elimination reactions (see або E1 reactions; E2 
reactions), 166-167 
a, 408 
of alcohols, 266, 273-275 
of aldol products, 680-68 1 
of alkyl halides, 166-167. 190-202 
anti-, 197 
B, 194 
bimolecular, 192 
Cope, 739 
of dihaloalkanes, 387 
Hofmann, 200-201, 730-731 
Saytseff, 195 
versus substitution, 201-204 
unimolecular, 191 
of vinylic halides, 387 
Empirical formula, 12 
Emulsifying agents, 891, 894, 910 
Emulsin, 837, 839 
Enamines 
alkylation, 674-676 
resonance structures, 675 
synthesis, 530, 674, 728 
Enanthic acid, 571 
Enantiomers, 132-134 
with multiple chiral carbons, 145-146 
properties, 137-138. 148 
resolution, 139, 732 
specific rotation, 139 
endo-addition, 427 
Endothermic reaction, 18, 220 
Enediol, in glucose metabolism, 545-546 
Energy 
between conformations, 121-122, 
126-129 
bond dissociation, 16-18 
kinetic, 171 
for pi-bond rotation, 53 
potential, 171 
in 5,2 reactions, 171 
and wavelength relationship, 314, 916 
Energy of activation, 171-173 
Energy diagrams, 171-172 
alcohol dehydration, 274 
bromination of aniline, 477 
bromination of benzene, 470, 477 
diene addition, 422-423 


E2 reaction, 193, 196 
exothermic and endothermic reactions, 227 
halogenation of mcthanc, 220 
hydrogenation of alkenes, 411-412 
hydrogenation of benzenc, 459 
protonation of alkenes, 392 
5,1 reaction, 178 
S,2 reaction, 171, 176 
sulfonation of benzenc, 473 
sulfonation of naphthalene, 751 
Energy levels (see also Atomic orbitals), 2 
Enolatcs 
l ,4-addition of, 692-693 
in а halogenation, 547-548 
reaction with alkyl halides, 664, 667-672 
reaction with carbonyl group, 678, 680. 686, 
689 
resonance structures, 543, 664, 678, 686 
synthesis, 663-668, 670, 678, 686 
Enols, 543-544 
from alkyne hydration, 395 
in ketone oxidation, 545 
Enovid, 908 
Enthalpy (H), 17, 172 
Enzymes, 148. 877-880 
Ephedrine, 707 
Epimers. 809 
Epinephrine, 706 
Epoxides, 256, 258, 295-296 
from alkenes, 414, 416 
conversion to diols, 296-298, 416 
geometric isomerism, 295 
nomenclature, 260-261 
reaction with Grignard reagents, 262, 296-297 
reaction table, 302 
substitution reactions, 295-298 
Equanil, 645 
Equatorial substituents, 126, 128 
Equilibrium constant, 28 
Equilibrium control 
of diene additions, 422 
of naphthalene sulfonation, 750-751 
Equivalent weight, 579-580 
Е1 reactions, 190 
of alcohols, 273-274, 386-387 
of alkyl halides. 190-191 
factors affecting, 201-204 
mechanism, 273-274 
Е2 reactions, 192 
of alkyl halides, 192-202, 386-387 
of cyclic compounds, 200, 731 
energy diagram, 193 
factors affecting, 202-205 
Hofmann products, 200-201, 730 


E2 гсаспопх (continued) 
Kinetic isotope effect, 193 
of quaternary ammonium hydroxides, 730-731 
Saytseff products, 195 
stereochemistry, 197-199 
steric hindrance, 200-201 
transition state, 192, 195-196 
Ergosterol, ЗОО 
Enthrose, 136, $13 
oxidation, 291 
stereoisomers. 145 
Escherichia coli, 766 
Essential amino acids, 853 
Essential oils, 897 
Esterification (see also Esters). 281, 588-590 
of sugars, 825 
Esters (see also Fats: Inorganic esters; Lactones; 
Malonic ester: etc.), 606. 625 
from acid anhydrides, 624. 627, 649 
trom acid halides. 616. 627, 649 
acid hydrolysis. 575. 628-629 
acidity, 665-666 
activated, 865 
from alcohols, 281, 626-627 
from alkyl halides, 204-205 
from carboxylates. 284. 581. 627 
from carboxylic acids, 281. 588-590. 
626-627 
condensations, 685-691 
infrared spectra, 324-325, 327, 609-610 
Бу Michael addition, 692-693 
nmr spectra, 348, 608 
nomenclature, 95, 625. 968 
phenyl, 484, 590, 616. 624, 627 
properties, 626 
reaction with ammonia, 632 
reaction with Grignard reagents. 262-263. 
633-634 
reaction summary table, 652 
reactivity, 607. 628 
reduction, 633 
resonance structures, 665 
saponification, 630-631 
synthesis. 651 
transesterification, 632 
use in synthesis, 650 
Estradiol, 909 
Estrogens, 908-909 
Estrone, 451. 909 
Ethanal (see also Acetaldehyde). 509 
Ethanamide ‘see also Acetamide), 639 
Ethane (see also Alkanes). 50. 86-87 
chlorination, 224 
conformations, 119-121 
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orbitals, 50, 58-59 
.2- Ethanediol (see also 1,2-Diols), 260 
in Dacron synthesis, 637 
from ethylene, 413, 415 
from ethylene oxide, 296-297 
in polyurethane, 645 
reaction with aldehydes, 525 
Ethanenitrile (see also Acetonitrile), 647 
Ethanethiol, 300 
Ethanoic acid (see also Acetic acid). 95. 569 
Ethanoic anhydride (see also Acetic anhydride), 
622 
Ethanol (see also Alcohols), 82, 255 
acidity, 278, 582 
biological oxidation, 288 
from bromoethane, 165, 169, 174 
combustion, 287 
commercial preparation, 264 
conversion to diethyl ether, 292 
dehydration, 266, 273 
denatured, 266 
dielectric constant, 203 
by fermentation, 265 
as gasoline additive, 103 
hydrogen bonding, 25-26 
properties, 257 
reaction with acetic acid, 281 
reaction with sodium, 668 
Ethanolamine (see або 2-Amino- 1-ethanol), 
719, 894 
Ethanolates, 969 
Ethanoyl chloride (see або Acetyl chloride). 613 
Ethene (see або Ethylene), 92, 377 
Ethenyl group, 954 
Ethers (see also Diethyl ether), 63. 255 
from alcohols, 283 
from alkenes, 397 
from alkyl halides, 165, 205, 292-293 
as anesthetics, 292 
aryl, 292-293, 484 
auto-oxidation, 234 
bonding, 63, 255 
cleavage, 293-294 
cyclic, 256 
dipole moments, 256 
as Grignard solvents, 238 
infrared spectra, 321, 324 
mass spectra, 94] 
nmr spectra, 343, 349 
nomenclature, 261, 968 
physical properties, 258 
preparation, 292-293 
protonation, 294 
reactivity, 293 
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Ethers (continued) 
solubility, 257-258 
substitution reaction, 293-294 
Williamson synthesis, 292. 826 
Ethoxide ion (see also Alkoxides). 278, 280 
reaction with diethyl malonate, 664, 667-668 
Ethoxyl groups, analysis for, 294 
Ethyl acetate (see also Esters), 626 
from acetic acid, 281. 588 
acidity, 665-666 
condensation, 686 
hydrolysis, 576 
reaction with Grignard reagent, 263 
Ethyl acetoacetate (see also Acetoacetic ester), 
542, 666, 686 
Ethyl alcohol (see Ethanol) 
Ethylamine (see also Amines), 711, 714-716 
Ethylbenzene (see also Alkylbenzenes) 
from acetophenone, 540-541 
halogenation, 225, 228, 483 
oxidation, 483 
Ethyl benzoate, 632-633 
Ethyl bromide (see Bromoethane) 
Ethyl butyrate, 626 
Ethyl chloride (see Chloroethane) 
Ethyl chloroacetate, 632 
Ethyl cyanoacetate, 684 
Ethyl cyclohexanecarboxylate, 633 
Ethyl decanoate, 633 
Ethylene (see also Alkenes), 92, 377 
addition reactions, 389, 398, 405 
bonding, 51-57, 376 
conversion to cyclobutane, 785-787 
from cracking reaction, 102, 231 
in Diels-Alder reaction, 788-789 
from ethanol, 273 
excited states, 55-56 
hydrogenation, 82, 389, 412 
orbitals, 51-57, 786 
polymerization, 428 
Ethylene chlorohydrin (see also Halohydrins). 
296 
Ethylene dibromide, 103, 260 
Ethylene dichlonde, 103 
Ethylene glycol (see also 1,2-Ethanediol). 260, 
415 
Ethylene oxide (see also Epoxides), 256, 260 
reactions, 262, 296-297 
Ethyl ether (see also Diethyl ether), 261 
Ethyl fluid, 102-103 
Ethyl group, 87 
nmr spectra, 348-349 
Ethyl hydrogen sulfate, 292 


Ethylidene group, 954 
Ethyl lactate, 632 
Ethylmalonic acid, decarboxylation of, 593 
Ethyl 2-methyl-3-oxopentanoate, 686 
Ethyloxirane, 261 
Ethyl 3-oxobutanoate (see also Acetoacetic 
ester), 686 
Ethyl 4-phenylbutanoate, 626 
Ethyl propanoate, 686 
Ethyne (see also Acetylene). 92 
Ethynyl group, 954 
Excited state, 46 
of ethylene, 55-56 
singlet, 933 
and uv spectra, 917 
vibrational. 315 
Exhaustive methylation, 731 
exo-addition, 427 
Exothermic reaction, 18 
Explosives, 282 
Extinction coefficient, 918 
Eye, 924 


РАО. 880 
Faraday. M.. 450 
Farnesol, 899 
Fats (see also Triglycerides). 98. 887-888 
auto-oxidation, 234 
saponification, 631, 891 
from vegetable oils, 413-414 
Fatty acids 
from acetylcoenzyme A, 889 
biodegradation, 892-893 
in phospholipids, 893 
in triglycerides, 888-889 
unsaturated, 889-890 
in waxes, 888 
Fatty acid salts, as soaps. 891-892 
Fermentation, 265 
Ferric halides, as Lewis acids, 467 
Fibrinogen, 871 
Fireflies, 934 
First-order rate, 180 
Fischer, Emil, 135, 827. 864-865, 879 
Fischer projections, 135-137, 806, 809 
Fischer-Tropsch synthesis, 104 
a-Fission, in mass specta, 940-941 
Flavin adenine dinucleotide, 880 
Flavone, 928 
Flavonol. 928 
Flavylium salt, 927-928 
Fluorescein, 933 


Fluorescence, 933 
Fluonne 
electronegativity, 6-7 
hydrogen bonding, 23 
reaction with alkanes, 219-220 
reaction with alkenes, 401 
Fluor, as prefix, 92 
Fluorobenzene, from diazonium salt. 488 
Folic acids, 646 
Food preservatives. 235-236 
Formal charge. 10-12 
Formaldehyde (see also Aldehydes), 510. 512. 514 
Cannizzaro reaction, 685 
in Grignand reactions, 240, 262. 534 
reactivity, 520-521 
resonance structures, 71-72 
Formaldehyde hydrate. 521 
Formalin, 512. 521 
Formate esters, reaction with Grignard reagents, 
262-263. 634 
Formic acid (see also Carboxylic acids), 85, 510. 
370-371 
dielectric constant. 203 
from oxalic acid. 594 
Formulas 
for alkanes. 85 
for alkenes. 85 
for alkynes, 85 
ball-and-stick. 120 
condensed structural, 13 
for cvcloalkanes. 14-15. 85 
dimensional. 120 
empirical. 12 
general, 60. 85 
Haworth, 816-817 
Lewis. 8 
line, 424, 887 
molecular. 12 
parentheses in. 13 
polygon, 14-15 
structural, 12-15 
valence-bond. 12 
Free-radical inhibitors, 235 
Free-radical initiators. 235 
Free-radical polymers, 428 
Free-radical reactions, 216-236 
of alkenes and НВг, 394 
allylic and benzylic, 225, 228-229 
ашо-охійапоп. 234 
biological, 231-232 
halogenation (see Halogenation) 
initiation, propagation. and termination. 
217-218 
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mechanism, 217-227, 230 
with NBS, 229 
product mixtures, 218-219, 227 
pyrolysis, 230-231 
reactivities of alkanes, 224 
selective, 226-229 
stereochemistry, 221-222 
transition states, 224-225 

Free radicals, 17. 216 
alkyl, 221 
allylic and benzylic, 222-223, 225 
disproportionation, 231 
phenolic, 235 
rearrangeinents, 226 
semiquinone, 232 
stabilities, 224-226. 232 
types, 222-223 

Free-radical trap, 235 

Free rotation, 121 

Frequency (>), 313 

Friedel, C., 470 

Fnedel- Crafts reactions 
acylation with acid chlondes, 472. 496, 510, 

617 

acylation with anhydndes, 500 
alkylation, 470-472, 496 

Frontier orbitals, 782 

Fructofuranose, 815 

Fructose (see also Monosacchandes), 807-808 
conversion to glucose, 821 
cyclization, 817 
as reducing sugar, 821 
in sucrose, 806, 838 

Fructose 6-phosphate, 545-546 

Fuels, 101-104 

Fukui, K., 782 

Fumanic acid, 964 
conversion to aspartic acid, 594 
from succinic acid, 880 

Functional-group names, 164 

Functional groups, 59-60, 64 

Furaldehyde, 966 

Furan, 743, 759, 815, 958 

Furanose, 815 

Furfural, 966 

Fused-ring compounds, 742 


Gabnel phthalimide synthesis, 715-717, 860 
Galactose (see also Monosaccharides), 807-808, 
813 


in lactose, 837 
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Galactosemia, 838 
Gas fraction, from petroleum, 101 
Gasification of coal, 104 
Gasohol. 103 
Gas oil, 101 
Gasoline, 101-103 
Gasoline additives, 102 
gauche conformation, 122 
Gelatin, 874 
gem-dihalocyclopropanes, 408 
gem-dimethyl group, 320 
gem-diols, 521 
Genetic code, 766 
Genetic engineering, 766 
Geneva system of nomenclature, 86 
Geometric isomers 
of alkenes, 110-116, 378, 954 
cis and trans, 111, 954 
of cyclic compounds, 117-119, 129-130 
as diastereomers, 146 
(E) and (Z), 113-116, 954 
from E2 reactions, 197-198 
of epoxides, 295 
from epoxides, 298 
in hydroboration, 400 
requirements for, 111 
Geranial, 900 
Geraniol, 899-900, 904 
Globins, 875 
Globulins, 872 
Glucaric acid, 823, 834 
Glucitol, 824-825 
Gluconic acid, 822 
Glucopyranose, 815-817 
Glucopyranosides, 820 
Glucose (see also Monosaccharides), 807-808, 
813 
a-D-, 815. 818-819 
absolute configuration, 827 
in amygdalin, 527 
anomers, 815 
B-D-, 815, 818-819 
conformation, 819 
cyclization, 524, 814-815, 818-819 
fermentation, 265 
Fischer projection, 807 
metabolism, 545-546, 808 
mutarotation, 818-819 
oxidation, 231, 821-823 
oxidative cleavage, 832-834 
pentaacetate, 825 
as reducing sugar, 821 
reduction, 824-825 


solubility, 26, 806 
specific rotation, 818 
from starch and maltose, 835-836 
structure determination, 827-834 
Glucose 6-phosphate, 545-546 
Glucosides (see also Glycosides), 820, 825 
Glucuronic acid, 824 
Glucuronides, 824 
Glutamic acid (glu), 580, 852, 854, 858, 870 
Glutamine (gln), 852. 854, 858 
Glutaraldehyde, 565 
Glutaric acid, 964 
acidity, 591 
as enzyme inhibitor, 880 
Glutaric anhydride, 592 
Glutathione, 886 
Glyceraldehyde, 136 
(+) and ( — ). 139. 809 
in configuration determination, 140-141, 
. 810-811 
conversion to glyceric acid, 811 
conversion to tartaric acids, 811-812 
D and L, 809 
from propenal, 525 
Glyceraldehyde 3-phosphate, 546 
Glyceric acid, 140, 811 
Glycerin (see also Glycerol), 965 
Glycerol 
in glyptal, 637 
from triglycerides, 631, 888-889, 891 
Glyceryl tristearate, 888 
Glycine (gly), 852, 874 
in bile acids, 910 
Glycogen, 808, 842 
Glycolipids, 839 
Glycols (see also Diols), 260 
Glycoproteins, 872 
Glycosides, 820-822, 835 
Glyptal, 637 
Graphite, 743 
Grignard, Victor, 237 
Grignard reagents, 237 
1,2- versus 1,4-addition, 553 
alkynyl, 377, 387-388 
as bases, 239, 243 
carbanion character, 239, 664 
formation, 237 
nomenclature, 237 
as nucleophiles, 239 
reaction with acid halides, 618 
reaction with alcohols, 243, 279 
reaction with aldehydes and ketones, 239-240, 
262, 534 


Gngnard reagents (continued) 
reaction with alkynes, 377. 388 
reaction with CO,. 240. 576 
reaction with epoxides, 262, 296-297 
reaction with esters, 262-263. 633-634 
reaction with formaldehyde, 240 
reaction with water, 243 
reactivity, 238-239 
solvents for, 238 
types, 237-238 

Ground state. 46 

Guanidine, 79, 614 

Guanine. 767. 770 

Guanosine, 772 

Gulose, $13. $32 

Gutta percha, 431. 433 


H.17 
AH. as heat of combustion, 100 
AH. as heat of hydrogenation, 412 
АЯ, as heat of reaction. 17. 172 
hv. 216. 314 
H-acid. 930 
Halide ions 
as leaving groups. 165-166. 266. 607 
nucleophilicity. 202 
a-Halo acids. 620-621 
Halobenzenes (see Aryl halides) 
Halobenzoic acids. acidity. 586 
a-Halocarbonyl compounds. 547-549 
reaction with enamines, 676 
Haloform reaction, 549 
Halogenation 
a-. 547-549. 620-621 
of acid chlorides, 620-621 
of alkanes. 18. 99, 215-227 
of alkenes and alkvnes, 401-405 
of alkylbenzenes, 224-225, 228-229. 483 
allylic. 225. 229 
of aniline, 474. 477 
of aromatic heterocycles. 754 
of benzene, 467—469 
benzylic. 225, 228-229, 483 
of carboxylic acids. 620-621 
of dienes, 420 
electrophilic, 401—105, 467—469 
free-radical, 18, 99, 215-229 
of ketones. 547-549 
of methane. 18. 99. 215-224 
of methyl ketones, 549 
of naphthalene, 748-750 
with NBS. 229 
selective free-radical, 226. 228-229 
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of substituted benzenes, 466, 480, 482 
Halogen compounds (see also Alkyl halides: 
Aryl halides; ctc.) 
bonding, 162-163 
infrared spectra, 320 
mass spectra, 937-938 
toxicity, 292 
Halogens (see also Halogcnation) 
free-radical reactivity, 219-220, 227-228 
mixed addition to alkenes, 405-406 
as о. p-directors, 476. 478-479 
polarization, 402, 467 
Halohydrins, 296. 406, 485 
Halonium ion, 402 
Halo substituents (see also Alkyl halides: Aryl 
halides; etc.). 92. 162, 959 
Hardening of fats. 413-414 
Haworth formulas, 816-817 
Head-to-tail polymer, 429 
Heat of combustion 
of alkanes. 100 
of cycloalkanes, 100-101. 123 
Heat of hydrogenation 
of alkenes, 412-413 
of benzene, 458-459 
of cyclohexene, 458 
Heat of reaction, 17, 172 
Helium, 4. 101 
Hell-Volhard-Zelinsky reaction, 621 
Heme, 762, 875-876 
Hemiacetals, 522-525 
of monosaccharides, 814-820 
Hemiketals, 522 
Hemoglobin, 871, 875-876 
and sickle-cell anemia, 855 
Henna, 927 
Heparin, 839 
Heptane (see also Alkanes). 86 
cracking and reforming, 102 
and octane number, 102 
Heptanoic anhydnde, 617 
2-Heptanone, 670 
Heptanoyl chloride, 617 
Herbicides, 502 
Heroin, 763 
Hertz (Hz), 313-314 
Heteroatom, 743 
Heterocyclic amines, 709 
Heterocyclic compounds (see also Pyridine; 
Piperidine; etc.), 743 
aromatic, 743, 752-761 
exhaustive methylation, 731-732 
nomenclature, 709, 752-753, 957-958 
Heterolytic cleavage, 16 
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Hexa, as prefix, 91 
Hexachlorophenc, 280 
2,4-Hexadiene, reaction with chlorinc, 420 
Hexamethylenediamine, 642 
Hexamethylenetetraminc, 725 
Hexanamidc, Hofmann rearrangement, 719 
Hexane, 86 
1 ,6-Hexancdiol, 633 
3-Hexanonc, 545 
1,3,5-Hexatriene, 377 
eyclization, 789, 793 
pi orbitals, 784-785 
Hexose, 809 
Hexulose, 809 
n-Hexylresorcinol, 280 
Highest occupied molecular orbital (see HOMO) 
Histidine (his), 852, 875 
Histones, 872 
Hoffmann, R., 782 
Hofmann elimination, 729-730 
Hofmann products, 200-201, 730 
Hofmann rearrangement, 719-720 
HOMO, 782, 920 
Homologous series, 86 
Homolysis, 230 
Homolytic cleavage, 17, 217 
Hormones (see also Cortisone, etc.), 871 
prostaglandins and, 895 
sex, 451, 908-909 
thyroid, 870 
Huckel, E., 463 
Hückel rule, 463, 744 
Hund’s rule, 5 
Hybrid orbitals (see also Molecular orbitals) 
of carbon, 47-59 
effect on acidity, 376, 583 
effect on bond length, 57-58 
of nitrogen, 61-62 
of oxygen, 63-64 
sp, 47, 56-58 
sp’, 47, 51-53 
sp, 47-50 
Hydrates, 521 
Hydration 
of alkenes, 263-264, 395-397, 399-400 
of alkynes, 395 
of carbonyl compounds, 521 
Hydrazine 
reaction with carbonyl compounds, 531-532 
in Wolff-Kishner reduction, 540 
Hydrazones, 531-532 
Hydrides (see Lithium aluminum hydride: 
Sodium borohydride; etc.) 
Hydride shift, 185 . 


Hydro, as prefix, 959 
Hydroboration, 398-400 
Hydrocarbons (see also Alkanes; Benzene; ctc.), 
81 
as fuels, 101-104 
Hydrocortisonc, 908 
Hydrogen 
bond length, 5 
free-radical abstraetion, 217, 221-222, 224 
orbitals, 4, 44-47 
Hydrogenation 
of aldchydes, 536-537 
of alkencs, 82, 409-411, 414 
of alkynes, 82, 409-411 
of benzene, 82, 409, 458-459 
of carbon monoxide, 231 
catalysts, 410-413 
of cyelopropane, 124 
energy diagram, 411-412 
of esters, 633 
of fats and oils, 413-414 
heat of, 412, 458 
of ketones, 263, 409, 536-537 
of naphthalene, 748 
of nitriles, 409, 649 
stereochemistry, 411 
of tetralin, 748 
Hydrogen bonds, 23-26 
in alcohols, 24-26, 256, 321 
in aldehydes and ketones, 514 
in amines, 24-25, 321, 711 
in carboxylic acids, 327, 572 
dissociation energy, 23-25 
in DNA, 769-770 
in enols, 544 
and physical properties, 25-26 
in proteins, 873 
Hydrogen bromide, anti-Markovnikov addition 
(see also Hydrogen halides), 394 
Hydrogen chloride (see Hydrogen halides) 
Hydrogen eyanide, 525-526 
1,4-addition, 552-553 
addition to carbonyl group, 525-526, 552-553 
reaction with sugars, 811-812, 828-829 
Hydrogen fluoride, acidity, 582-583 
Hydrogen gas (see also Hydrogenation), 409 
Hydrogen halides 
acidity, 268, 583 
reaction with aleohols, 268-269 
reaction with alkenes, 390-394 
reaction with alkynes, 390 
reaction with dienes, 420-421 
reaction with c, 8-unsaturated carbonyl 
compounds, 551 


Hydrogen nuclei, in amr, 328 
Hydrogenolysis, 633 
Hydrogen sulfide, 299-300 
Hydrolysis. 614 

acid anhydndes, 623 

acid halides, 614-615 

amides, 641-642 

carbohydrates. 806-807 

epoxides, 296-298 

esters, 576, 628-631 

Gngnard products, 239 

lithium and Grignard reagents, 243 

malonic esters, 669-670 

nitriles. 577. 648-649 

proteins, $50. 864 

triglycerides, 631. 888-889. 891 
Hvdronium зоп. 267 
Hydroperoxides, 234 
Hydrophilic group. 257 
Hydrophobic group. 257 
Hydroquinones, 232. 486. 966 
Hydroxide ion (see also Bases: Hydrolysis: 

Saponification, etc.) 

in aldol condensation. 678 

in Cannizzaro reaction. 685 

reaction with alkyl halides. 165-166. 

169-171. 174. 192, 194-195. 199, 
205 

reaction with carboxylic acids. 578 

reaction with phenol, 280. 578 
Hydroxy. as prefix. 259, 965 
Hydroxy acids 

from cyanohydnns, 526 

lactones from. 635-636. 828 

polvesters from, 636 
Hydroxy aldehydes 

by condensations. 678-679 

cyclization, 524. 814 

dehydration. 680-681 
a-Hydroxy aldehydes. oxidation. 290 
Hvdroxybenzoic acids. acidity. 586 
3-Hydroxybutanal. 678 
7-Hydroxyheptanoic acid. 636 
a-Hydroxy ketones. oxidation, 290 
Hydroxylamine, 531 


Hydroxyl group (see also Alcohols; Phenols: 


etc.). 60 
4-Hydroxy-2-pentanone. 551 
3-Hydroxy-3-phenylpropanal, 680 
2-Hydroxypropanamide, 632 
Hyperconjugation. 183. 225 
Hypo. 486 
Hypophosphorous acid. 489 
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Idose, 813 
Imidazole, 752-753, 958 
in hemoglobin, 875 
Imides, 643-644 
Imines, 528-529, 728 
reduction of, 718 
Iminium ions, 530, 675 
Indicators, 930-932 
Indigo, 928-929 
Indole, 753, 958 
Indophenol blue, 945 
Indoxyl, 929 
Induced-fit theory. 879 
Inductive effect, 182 
and acidity, 583-587, 666 
of alkyl groups. 182, 413, 479 
and basicity, 723 
and carbocation stability, 182 
of different groups. 584 
in nmr, 332-334 
and substituted benzenes. 478—479. 586-587 
Infrared radiation. and bond vibrations, 315-316, 
917 
Infrared spectra 
acetone, 359-360 
alcohols, 320-321. 323 
aldehydes, 324-326, 515-516 
alkyl halides. 320 
amines. 320-322, 712-713 
butanal, 326, 516 
butanone, 325 
sec-butyl ргорапоаге. 610 
carboxylic acid derivatives, 608-612 
carboxylic acids, 324-327. 573-574 
chlorobenzene. 455 
chloroform, 320 
0-. m-, and p-chlorotoluene, 456 
cyclohexanone, 516 
cyclopentanol, 321 
decanoyl chlonde, 609 
1-десупе, 381 
N.N-diethylpropanamide, 611 
dipropylamine, 322 
di-n-propyl ether, 324 
esters, 324-325. 327. 610 
ethers, 321, 324 
ethyl pentanoate. 327 
heptane, 381 
I-heptene, 381 
]-hexanol, 317 
ketones, 324-325, 515-516 
2-methylbutanoic acid, 573 
2-methylheptane, 319 
N-methylpropanamide, 611 
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Infrared spectra (continued) 
octanamide, 611 
n-octane, 319 
pentanenitrile, 612 
propanoic acid, 326 
propanoic anhydride, 610 
n-propylamine, 322 
substituted benzenes, 454-456 
tripropylamine, 322 
Infrared spectrophotometer, 316 
Infrared spectroscopy 
aryl C—C and C—H absorption, 454-455 
C—C absorption, 318-320 
C = C and C = CH absorption, 318-320, 380 
C=C and C=CH absorption, 318-320, 380 
C—H absorption, 320 
C—N absorption, 321, 712-713 
C—O absorption, 321-324 
C = O absorption, 324, 515, 608-609 
correlation chart, 318 
description of spectra, 315, 317 
fingerprint region, 318 
and hydrogen bonding, 321, 573 
N—H absorption, 320-321, 712-713 
O—H absorption, 320-321 
in structure identification, 359 
Inhibitor, free-radical, 235-236 
Initiation reaction, 217 
Initiator, free-radical, 235 
Inorganic esters, 271, 281-285 
Inositol, 158 
Insecticides, 161, 426 
Insect pheromones, 904 
Insertion reaction, 408 
Insulin, 871 
Intermediate, defined, 178 
Internal return, 272 
International Union of Pure and Applied 
Chemistry (IUPAC), 86 
Invertases, 838 
Invert sugar, 838-839 
Iodine 
reaction with alkanes, 220 
reaction with alkenes, 401 
reaction with methyl ketones, 549 
as starch test, 841 
lodine compounds (see also Halogen headings; 
Alkyl halides), 98, 401 
Iodine free radical, 220 
Iodo, as prefix, 92 
Iodoalkanes (see Alkyl iodides) 
Iodobenzene, from diazonium salt, 488 
Iodoethane, from diethyl ether, 293 
Iodoform test, 549 


lodomethane (see also Methyl halides) 
in exhaustive methylation, 731 
reaction with enamines, 675-676 
reaction with ethylmalonic ester, 669 
reaction with magnesium, 237 
2-lodopropane (see also Alkyl halides), 268 
Ionic bond, 7 
lonic character, 19 
Ionization, of weak acids, 28-29 
Ionization potential, 934 
Ion pair, 272 
lon radical, 934 
Iron(Il) ion, in biological oxidation, 232 
Iso, as prefix, 89 
Isoamyl acetate, 626, 904 
Isoamyl group, 952 
Isobutane (see also Mcthylpropane), 223 
Isobutyl chlonde (see also Alkyl halides), from 
isobutane, 223 
Isobutylene (see also Methylpropene), 166, 378. 
953 
Isobutyl group, 90 
Isobutyl propionate, 626 
Isocyanates, 645, 719-720 
Isoelectric point, 857-858 
Isolated double bonds, 65 
Isoleucine (ile), 852 
Isomaltose, 842 
Isomerism 
cis, trans, 111 
geometnc, 110-119 
optical, 138 
stereo-, 111 
structural, 82-84 
Isomers (see also Geometric isomers, etc.). 82 
Isoniazid, 778 
Isooctane, 102 
Isopenteny! alcohols, 898-899 
Isopentyl group. 952 
Isophthalic acid, 964 
Isoprene, 378, 953 
polymenzation, 431 
in terpenes, 897-898, 900 
Isopropoxide ion (see Alkoxides) 
Isopropyl alcohol (see also Alcohols; 
2-Propanol), 257, 260 
Isopropylamine, 729 
Isopropylbenzene. 470-472. 483 
Isopropyl bromide (see also 2-Bromopropane), 
166 
Isopropyl chloride (see also 2-Chloropropane), 
223 
Isopropyldiazonium chloride. 729 
Isopropyl] group, 89 


Isopropy lidenecyclohexane, 533 
Isopropy lidene group, 954 
Isequinoline, 757-758. 958 

reaction summary table, 775 
Isotope effect (see Kinetic isotope etfect) 
Isotopes 

in mass spectra, 937-938 

natural abundance, 938 
IUPAC system of nomenclature, 86. 951 


Jet fuel, 101 
Juglone, 927 


K,. 29 
К». 30 
Кекше, Епейпсһ August, 68. 84. 460 
Кекше formulas. 68. 640. 745 
Keratin, 872-873 
Kerosene. 101 
Ketals. 552 
of sugars, 826 
Кегепе. 407 
Keto acids 
decarboxylation, 593-594, 671 
by ester condensation, 687, 690-691 
reductive amination, 860 
synthesis, 671-672 
Keto-enol tautomerism. 543-544 
В-Кею esters 
acidity, 542. 666 
Бу ester condensations, 685-691 
hydrolysis, 687 
Keto group. 95 
Ketones, 61, 509 
from acetoacetic ester, 670-672 
from acid halides. 472, 511. 618-619 
acidity of a hydrogen, 542-543, 664-666 
],4-addition to unsaturated, 550-553, 692 
from alcohols, 287-289, 511 
from alkenes. 414-415. 417-419 
from alkynes, 395 
В-апипо, 553 
aryl. 472. 511, 618 
bisulfite addition products, 527 
bonding, 64 
condensation, 679-680, 684 
conversion to enamines, 530, 674, 728 
conversion to imines. 528-529, 728 
in crossed Claisens, 689 
by enamine syntheses, 674-677 
by ester condensation, 686. 689-691 
by Friedel-Crafts reaction, 472, 511, 617 
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а halogenation, 547-549 
hydrogenation, 409, 536-537 
hydrogen bonding, 514 
infrared spectra, 324-325, 515-516 
iodoform test, 549 
from 8-Кето acids, 593, 671 
mass spectra, 941-942 
nmr spectra, 359-360, 517-518 
nomenclature, 95, 509-510, 969 
oxidation, 545, 549 
physical properties, 514-515 
by pinacol rearrangement, 276-277 
reaction with alcohols, 519-520, 522-525 
reaction with amines, 528-530, 674, 728 
reaction with Grignard reagents, 239, 262, 
534-535, 663 

reaction with hydrazines, 531-532 
reaction with hydrogen cyanide, 519, 525-526 
reaction with lithium reagents, 242 
reaction with metal hydrides, 537-540 
reaction summary table, 554 
reaction with water, 519, 521-522 
reactivity, 520 
reduction, 263, 536-541 
reductive amination, 541, 718-719 
B-substituted, 551-553 
synthesis, 511-512 
tautomerism, 543-544 
use in synthesis, 553-556 
Wittig reaction, 532-533 

Keto nitriles, 552-553 

Ketose, 809 

Kiliani, Heinrich, 828 

Kiliani-Fischer synthesis, 828 

Kinetic control 
of diene additions, 422 
in naphthalene sulfonation, 750-751 

Kinetic isotope effect 
in benzene substitution, 469—470, 473 
in E2 reactions, 193 
in free-radical reactions, 222 

Kinetics, 172 
first-order, 180 
second-order, 173 

Knoevenagel condensation, 683 

Kodel, 657 

Kolbe electrolysis, 253 

Kolbe reaction, 484-485 


l, as prefix, 139 
L, as prefix, 809 
Naxos 
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Lactams, 639, 643 
in DNA, 767 
in peptides, 870 
Lactic acid, 150, 259, 635, 876, 962 
Lactides, 635 
Lactones, 635-636 
of aldonic acids, 822 
Lactose, 808, 837-838 
Laetrile, 527, 820 
LAH (see also Lithium aluminum hydride), 
537-538 
Lanosterol 
occurrence, 901 
from squalene, 899, 903-904 
in steroid synthesis, 899 
Laughing gas, 202 
Lauric acid, 962 
Lawsone, 927 
LCAO theory, 43 
Leaning, 344 
Leaving groups, 165 
in alcohols, 266-267 
in carbonyl compounds, 606-607 
in ethers, 294 
inorganic ester groups, 270, 285 
Lecithins, 893-894 
Leucine (leu), 852. 860 
Leucoindigo, 929 
Levorotatory compound, 139 
Levulinic acid, 962 
Levulose, 808 
Lewis acids, 32 
in alcohol reactions, 268-260 
in aromatic substitution, 466—467 
reaction with amines, 478 
Lewis bases, 32 
Lewis formulas, 8 
Light, 313, 923 
Lignite, 103 
Limonene, 375, 900 
Linear combination of atomic orbitals, 43 
Linoleic acid, 888 
Linolenic acid. 888 
a-Linolenic acid, homo-, 896 
Linseed oil, 234 
Lipids, 887 
Lipoproteins, 872 
Lister, Joseph, 280 
Lithium 
electronegativity, 7 
electron structure, 5 


reaction with alkyl halides, 242 

Lithium aluminum hydride (LAH), 537-538 
1,2- versus 1,4-addition, 553 
reaction with acid halides, 619 


reaction with aldehydes and ketones, 537-539 
reaction with carboxylic acids, 590 
reaction with esters, 633 
reaction with nitriles, 649 

Lithium dialkylcopper reagents (see Cuprates) 

Lithium reagents, 242-244 

Lithium tri-1-butoxyaluminum hydride, 620 

Litmus, 930 

Localized electrons, 66 

London forces, 22 

LSD, 639, 737 

Lubricating oils, 101 

Lucas reagent, 309 

Luciferin, 934 

Lucite, 430 

LUMO, 782, 920 

Lurgi process, 104 

Lycopene, 921 

Lysergic acid diethylamide, 639, 737 

Lysine (lys), 852. 854, 858 

Lyxose, 810, 813 


m, as prefix, 451-452, 957 
Macromolecules, 427 
Magnesium alkoxides, from Grignard reactions, 
239, 534 
Magnesium compounds (see also Grignard 
reagents), 237 
Magnetic field 
external. 329 
induced molecular, 329, 332-336 
Magnetic moment, 4. 328 
Major contributors, 71 
Maleic acid, 592, 964 
Maleic anhydride, 592, 964 
Malonic acid, 964 
acidity, 591 
in condensations, 683 
decarboxylation, 593, 669 
as enzyme inhibitor. 880 
Malonic ester 
acidity, 666 
alkylation, 664, 667-669, 672 
enolate of, 664, 668 
hydrolysis, 669-670 
in Michael additions, 692-693 
reaction with base, 664, 667-668 
reaction with urea, 644 
Malonyl chloride, 627 
Maltobionic acid, 836 
Maltose, 835-836 
Mandelonitrile, 526-527 
Mannaric acid, 834 


Mannose (see also Monosaccharides), 813, 819 
structure determination, 828-833 
Marganne, 413 
Marijuana, 305 
Markovnikov’s rule. 391 
Martius vellow, 929 
Mass spectra 
alcohols, 939-940. 942 
bromomethane, 937 
1-butanol, 942 
carbonyl compounds, 941-942 
effect of branching, 940 
effect of heteroatom, 940-941 
N-ethy1-] -propylamine, 941 
methanol, 933, 959-940 
Mass spectrometer, 936-937 
Mass spectrometry, 934-942 
base peak, 935 
fragmentation patterns, 939-942 
ion radical, 934 
isotopes, 937-938 
M +2 peak, 938 
М - 18 peak, 942 
McLatferty rearrangement, 942 
molecular ion, 934 
summary table, 943 
Mass-to-charge ratio (m/e). 934 
McLafferty rearrangement, 942 
Melibiose. 849 
Menthane, 955 
Menthol, 511, 887. 900 
Menthone, 511 
Menthyl chlorides, 214 
Meprobamate, 645 
Mercaptans, 299 
Mercuric acetate, reaction with alkenes, 396-397 
Merrifield, B., 866 
Merrifield peptide synthesis, 866 
Mescaline, 707 
Mesityl oxide, 703, 918 
Mesitylene, 956 
meso compound, 146 
meso-tartaric acid, 147, 811 
meta, as prefix, 451—452, 957 
meta-directors, 475-476, 480 
Metaldehyde, 515 
Metal hydrides (see also Lithium aluminum 
hydride; Sodium borohydride; etc.), 
537-539 
Metallic compounds (see Organometallic 
compounds) 
Metalloids, 236 
Metarhodopsins, 925 
meta-substitution, 480 
Methacrylic acid, 962 


Index 1053 


Methanal (see also Formaldehyde), 512 
Methane (see also Alkanes), 86 
from coal, 104 
halogenation, 18, 99, 215-222, 224 
in natural gas, 101 
orbitals, 48-49 
Methanethiol, 299 
Methanoic acid (see also Formic acid), 570 
Methanol (see also Alcohols), 257-258 
acidity, 278 
from carbon monoxide, 231 
nitration, 282 
reaction with deuterium chloride, 267 
reaction with sodamide, 266 
reaction with sulfuryl chloride, 283 
toxicity, 288 
from wood, 87, 231 
Methide shift, 184 
Methionine (met), 852 
Methoxide ion (see also Alkoxides), 165, 266, 
278-279 
Methoxybenzoic acids, 586 
2-Methoxy-1-ethanol, 296-297 
Methoxyl groups, analysis for, 294 
N-Methylacetamide, 728 
Methyl acetate, 616, 626 
Methylacetylene, 953 
Methyl alcohol (see Methanol) 
Methylamine (see also Amines), 711 
basicity, 31, 722 
reaction with acetyl chlonde, 616, 728 
2-(N-Methylamino)propanoic acid, 709 
N-Methylaniline, 729 
p-Methylaniline (see p-Toluidine) 
N-Methylbenzamide, 639 
Methyl benzoate (see also Esters) 
from benzoic acid, 628 
in crossed Claisen condensation, 689 
saponification, 630 
transestenfication, 632 
Methyl bromide (see Methyl halides) 
2-Methyl-1,3-butadiene (see Isoprene) 
(R)-2-Methylbutanamide, rearrangement, 720 
Methylbutane (see Alkanes) 
Methyl cation, 182 
Methyl chloride (see also Methyl halides), 163, 
216 
2-Methyl-1-cyclohexanols, 119 
2-Methyl-I-cyclohexanone, 675 
Methylene, 406-407 
Methylene chloride (see also Dichloromethane), 
163, 216 
Methylenecyclohexane, 378, 534 
Methylenecyclopentane, 418 
Methylene group, 86, 378, 954 
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Methyl ethyl ketone (see also Butanone), 510, 


514 
Methyl free radical, 217, 221, 225 
Methyl group, 87 
Methyl halides (see also Alkyl halides), 164 
dipole moments, 163 
lack of S,1 reactions, 181 
physical properties, 163 
15,2 reactions, 174-175 
Methyl iodide (see Iodomethane; Methyl 
halides) 
Methylisoquinoline, 758 
Methyl kctones, 549 
Methylmagnesium iodide (see also Grignard 
reagents), 237 
Methyl methacrylate, 430 
Methyl orange, 930-93] 
Methyloxirane, 258 
N-Methylpiperidinium bromide, 708 
Methylpropane (see also Alkanes), 83 
Methyl propanoate (see also Esters), 625 
Methylpropene (see also Alkenes) 
from t-butyl alcohol, 273 
from t-butyl halides, 166-167, 191 
polymerization, 432 
Methyl propionate (see also Esters), 625 
N-Methyl-2-propylamine, 708 
Methyl n-propyl ether (see also Ethers), 165 
3-Methylpyridine, 755 
2-Methylpyrrolidine, 709 
Methyl salicylate, 626 
Methyl shift, 184 
Mevalonic acid, 898-899 
Micelles, of soap, 891 
Michael addition, 692-693 
Micrometer (um), 314 
Micron (д), 314 
Microwaves, 313 
Migration, in pinacol rearrangement, 277 
Millimicron (ти), 314 
Millipedes, 526-527 
Miltown, 645 
Minor contributors, 71 
Mirror images, 131 
Molar absorptivity (є), 919 
Molar extinction coefficient, 918 
Molecular formula, 12 
Molecular ion, 934 
Molecular orbitals (see also Antibonding 
molecular orbitals; Hybrid orbitals; etc.), 
of acetylene, 56-58 
of allyl radical, 797 
of ammonia and amines, 61-62. 709 
of aromatic compounds, 460-465 
in benzene, 67-68, 460-461 


in benzyne, 494 
bonding, 44-47, 55-57 
of 1,3-butadiene, 783 
degenerate, 47 
energy diagram, 45 
of ethanc, 50 
of ethylene, 51-57, 786-787 
frontier, 782 
of 1,3,5-hexatriene, 784 
highest occupied (HOMO), 782 
of hydrogen, 44-47 
lowest unoccupied (LUMO), 782 
of methane, 49 
nodes in, 45, 55-56 
of oxygen compounds, 63-64 
of pentadienyl radical, 799 
pi (7), 52-54 
pi* (7*), 54-56 
of polyenes, 782-783 
sigma (o), 44, 49, 55-57 
sigma* (с*), 45, 56 
Monoglycerides, 889-890 
Monomers, 428 
Monosaccharides (see also Glucose; etc.). 806, 
813 
acetals and ketals, 826 
anomeric effect, 819 
anomers, 815 
classification, 808 
configurations, 809-814 
conformations, 819 
cyclization, 814-819 
p and L, 809 
epimers, 809 
esters, 825 
Fischer projections, 807, 809 
furanoses and pyranoses, 815 
glycosides, 820-821 
Haworth formulas, 816-817 
hemiacetals, 814 
Kiliani-Fischer synthesis, 828 
methyl ethers, 826 
mutarotation, 818-819 
occurrence, 807-808 
oxidation, 821-824 
reduction, 824 
structure determination, 827-834 
Monosodium glutamate, 580, 856 
Monoterpenes. 900 
Mordant, 929 
Morphine, 763 
Morpholine, 709, 958 
basicity, 724 
in enamine syntheses, 677 
M.O. theory (see Molecular orbitals) 


ee 


MSG, 580 

Mucoproteins, 872 

Multiple sclerosis, 895 

Multiplicity of electronic states, 407 
Muscone, 565 

Mutarotation, 818-819 

Myelin. 895 

Мутсепе, 441 

Mynistic acid, 962 


N, as prefix, 94. 708 
n-, as prefix, 89 
n+ 1 rule, 341 
NAD- . 878-879 
Nanometer (nm). 312,916 
Naphthacene, 922 
Naphihalene (see also Aromatic compounds), 
450. 742. 956 
bonding, 68. 744-745 
chemical shift, 462 
oxidation, 746 
reaction summary table. 774 
reduction, 737-748 
resonance energy. 462. 745 
resonance structures, 68. 745 
substitution reactions. 748-75] 
Naphthalenesulfonic acids. 748. 750 
Naphthoic acid. 962 
Naphthols. 966 
1,4-Naphthoquinone, 746, 927 
a-Naphthylamine. 747 
8-Naphthylamine, 712 
1-Naphthyl-N-methy carbamate. 645 
Natta, С.. 431 
Natural gas, 1. 101 
NBS. 229, 235 
n-electron transitions, 919-920, 922-923 
Nembutal, 614 
Neopentyl alcohol, 275 
Neopentyl bromide, reaction with alkoxide, 175 
Neopentyl chloride. 164 
Neopentyl group. 952 
Neoprene, 432 
Nervous system, 706 
Neutralization equivalent. 579-580 
Newman projections, 120 
of cyclohexane, 127 
Niacin, 878 
Niacinamide, 639, 878 
Nickel. as hydrogenation catalyst. 410 
Nicotinamide. 639, 878 
Nicotinamide adenine dinucleotide (ЖАР ), 878 
Nicotine, 451. 763 
Nicotinic acid, 755. 878 


Index 1055 


Ninhydnn, 859 
Nitrates, 282 
Nitration 
of alcohols, 282 
of benzene, 466, 469-470 
of benzene compounds, 474-475, 481, 487 
of heterocycles. 758, 760 
of naphthalene, 748 
Nitric acid (see also Nitration) 
as oxidizing agent, 288, 545 
reaction with carbohydrates, 823, 832-834 
Nitriles 
acidity. 684 
from alkyl halides, 205. 647-648. 727 
from arylamines, 648 
basicity, 647 
bonding. 647 
from diazonium salts. 487-488, 648 
hydrolysis, 577. 648-649 
infrared spectra, 612 
В-Кею. 552-553 
nmr spectra, 608 
nomenclature, 647 
reaction summary table. 653 
reduction, 409, 649, 718 
synthesis, 651 
use in synthesis, 650 
Nitrites, alkyl, 282 
Nitroalkanes, 282 
Nitroarenes, reduction, 487. 718 
Nitrobenzene 
from benzene, 466. 469-470 
deactivated nng. 474, 480. 496 
reduction, 487, 718 
substitution reactions. 474, 480, 496 
Nitrobenzoic acids, 586 
Nitrogen, as leaving group. 487 
Nitrogen compounds (see also Amides: Amines: 
Nitriles; etc.) 
hydrogen bonding. 23-25 
orbitals, 61-62 
Nitroglycerin, 282 
Nitro group. 69, 92 
as m-director, 474-476. 480 
Nitroisoquinolines, 758 
Nitromethane, 69 
1-Nitronaphthalene, 747-748 
Nitronium ion, 282, 466-467 
p-Nitrophenol, 281. 491 
Nitrophenols, acidity. 578 
2-Nitropyrrole, 760 
Nitroquinolines, 758 
N-Nitrosoamines, 729 
Nitroso group. 729, 959 
o-Nitrotoluene, 481 
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Nitrous acid 
reaction with amines, 728-729 
reaction with arylamines, 487 
Nitrous oxide, 292 
Nmr spectra (see also Carbon-13 nmr spectroscopy) 
acetaldehyde, 336 
acetone, 359-360 
alcohols, 349 
aldehydes, 335-336, 517-518 
alkenes, 335, 382-384 
alkynes, 385-386 
amines, 350, 713 
aromatic compounds, 334-335, 457-458 
p-bromoethoxybenzene, 349 
1-bromo-2,4,6-tnmethylbenzene, 339 
butanal, 518 
n-butylamine, 713 
carboxylic acid derivatives, 608 
carboxylic acids, 574 
chloroethane, 340 
p-chlorostyrene, 383 
N,N-dimethylformamide, 640 
ethyl group, 348-349 
ketones, 517-518 
methanol, 331 
p-methoxybenzaldehyde, 343 
2-methylpropanoic acid, 574 
methyl vinyl sulfone, 385 
n-octane, 352 
2-phenylethyl acetate, 348 
1-phenyl-2-propanone, 518 
2-phenylpropene, 335 
pyrrole, 760 
styrene, 384 
toluene, 457 
1,1.2-trichloroethane, 347 
Nmr spectrometer, 330 
Nmr spectroscopy 
anisotropic effects, 334 
areas under peaks, 338 
aryl protons, 334-335, 457, 462, 479 
benzylic protons, 457 
carbon-13, 355-357 
chemical exchange, 349 
chemical shift, 332 
chemical shifts (chart), 336 
coupling constant, 344 
doublet, 343 
equivalent protons, 337-338 
flips, 329 
induced fields, 329, 332-336 
and inductive effect, 332-334 
integration, 339 


leaning, 351 

magnetic ficld, 329 

n + I mlc, 341 

nuclear spin, 328 

offsct scan, 336 

parallel and antiparallel alignments, 329 

quartct, 347-348 

shielding and deshielding, 331 

singlet, 342 

spin-spin coupling, 340 

splitting patterns, 342-354 

and structure identification, 359 

TMS in, 331-332 

tree diagrams, 352-354 

triplet, 346 
Noble-gas electron configuration, 7 
Nodes, 2, 42-43, 45, 461 
Nomenclature 

acid anhydrides, 622, 963-964 

acid halides, 613, 965 

alcohols, 94, 258-260, 965 

aldehydes, 94, 509-511, 966 

alkanes, 86-91, 951-952 

alkenes, 92-93, 377-378, 953-955 

alkenyl groups, 378, 954 

alkoxides, 278, 969 

alkyl groups, 87, 89, 952 

alkyl halides, 92, 164, 959 

alkynes, 92-93, 378-379, 953 

amides, 639, 967 

amines, 94, 708-709, 967 

amine salts, 725, 968 

aromatic compounds, 96, 451-452, 743-744, 

956-958 

aromatic heterocycles, 752-753, 957-958 

bicyclic compounds, 901, 959 

Cahn-Ingold-Prelog sequence rules, 115-116 

carboxylates, 580, 968 

carboxylic acids, 95, 510, 570-571, 962-964 

cis and trans system, 111, 954 

conjunctive, 960, 963 

р and L system, 809 

diacids, 591, 963-964 

dienes, 93, 377, 953 

diols, 259-260, 965 

(Е) and (Z) system, 113-116, 954 

enzymes, 877 

epoxides, 260-261 

esters, 95, 625, 968 

ethers, 261, 968 

functional-group names, 164 

Geneva system, 86 

halogen compounds, 92, 164, 959 


Nomenclature (continued) 


heterocyclic compounds, 709, 752-753, 


957-958 
history, 85-86 
IUPAC system, 86, 951 
ketones 95, 509-510. 969 
multiple prefixes, 90-91. 959 
nitnles, 647 
numbering, 88, 92, 961 
о, m, p system, 451-452, 957 
onder of prefixes, 90. 96-97, 959 
organometallics, 237, 969 
parent, $7. 951 
parentheses, 961 
peptides, 861 
phenols, 966 
prefixes, 87, 91-92, 958-959 
priority. 97. 259, 960 
(К) and (S) system, 141-145, 961 
root, 87 
steroids. 905. 907 
sulfonic acids, 963 
terpene rings, 955 
Nonane. 86 
Nonconjugated double bonds. 65 
Norbornane, 901, 955 
Norepinephrine, 706 
Norethinodrone. 907 
Norethynodry!. 908-909 
normal, as prefix, 89 
Novocaine, 726 
N-terminal amino acids, 861-862 
Nu . 166 
Nuclear magnetic moment, 328 


Nuclear magnetic resonance spectroscopy (see 


Nmr spectroscopy) 


Nucleic acids (see also DNA; RNA), 766 


effect of radiation on, 233 
Nucleophiles, 167 

acetylides, 387 

alkoxides, 166, 203, 280 

amines. 205, 714-715 

and basicity, 167-168, 202-203 

enamines, 675 

enolates. 664-665 

Grignard reagents, 239-240, 663 

reactions with alkyl halides, 165-166, 

169-190, 201-205 

strength, 202-203 

table, 205 
Nucleophilic acyl substitution, 614 
Nucleophilic addition 

to aldehydes апа ketones, 513 


Index 1057 


to unsaturated aldehydes and ketones, 
552-553. 692 
Nucleophilic aromatic substitution 
of pyridine, 755-757 
of substituted benzenes, 491-494 
Nucleophilic carbon atoms, 239, 675 
Nucleophilic displacement reactions, 166 
Nucleophilicity, 167-168, 202 
Nucleophilic substitution reactions (see also Syl 
reactions; 5..2 reactions; etc.), 166 
Nucleoproteins, 872 
Nucleosides, 768-769, 772 
Nucleotides, 768-769, 772 
Nylon. 642 


о, as prefix, 451—452, 957 

0,p-directors, 475-476 

Octane, 86 

Octane number, 102 

(S)-2-Octanol, 170 

Octet rule, 7 

Offset scan, 336 

Oils (see Vegetable oils; Linseed oil; Lubricating 
oils; etc.) 

Oil shale, 104 

Olefins, 375 

Oleic acid, 888-889 

Oligosaccharides, 806 

Omega (ш), as prefix, 510 

Opium, 763 

Opsin, 925 

Optical activity, 138 

Optical isomers, 138 

Optical rotation, 138 

Orbital diagram, 48 

Orbitals (see Atomic orbitals; Hybrid orbitals; 
Molecular orbitals) 

Orbitals, frontier, 782 

Organic chemistry, defined, 1 

Organoboranes, 398-400 

Organomagnesium halides (see Grignard 
reagents) 

Organometallic compounds (see also Grignard 
reagents; Lithium reagents; etc.), 215-216, 
236-241 

nomenclature, 969 
reaction with acids and water, 243 

Oron, 431 

Ornithine, 886 

ortho, as prefix, 451—452, 957 

ortho-effect, 587 

ortho,para-directors, 475-476 
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ortho, para-substtution, 475-480 
Osmium tetroxide, 415 
Oxa, as prefix, 957, 968 
Oxalic acid. 964 
acidity, 591 
decarboxylation, 594 
as enzyine inhibitor, 880 
Oxaloacetate ion, 638 
Oxalosuccinie acid. 601 
Oxazole, 957 
Oxidation (see also individual compound 
headings). 287 
air. 234 
of aleohols, 286-290, 511, 576 
of aldehydes. 541-542. 576 
of alkenes, 414-419, 576 
of alkvlbenzenes. 483, 576 
biological, 231-232, 288 
of 1.2-diols. 290 
of ethanol. 287-288 
of hydroquinones. 486 
of ketones, 541, 545 
of organoboranes, 399 
of polyeyelie aromaties. 746-747 
of sugars, 821-824 
of sulfur eompounds, 300 
Oxidation state. of carbon. 286 
Oxides (see Epoxides) 
Oxidizing agents, 288. 415 
Oximes, 531 
Oxirane, 258 
Oxiranes (see also Epoxides), 260-261. 416 
Oxo, as prefix, 969 
Oxonium ion. 267 
Oxygen (see also Combustion) 
as free-radieal agent, 233-234 
orbital diagram, 233 
orbitals. 63-64 
Oxymereuration, 396 
Oxytocin, 871 
Ozonides, 418-419 
Ozonolysis. 418-419 


p. as prefix, 451-452, 957 

PABA, 646 

Palladium. as hydrogenation catalyst. 410 
Palmitic aeid, 888-889, 962 

Palmitoleie acid, 888 

Pantothenic acid. 878 

para, as prefix, 451-452, 957 

Paraffins, 99 

Paraffin wax. 101 

Paraformaldehyde, 512 


Paraldehyde, 513 
Parent, in nomenclature, 87, 951 
Partial charges, 19 
Partial double-bond character, 66 
Partial overlap. 66 
Pasteur, Louis, 139, 877 
Pauling scale of electronegativity. 7 
PCB. 162 
p character, 58 
Peanut oil, 413 
Peat. 103 
Pelargonie acid, 571 
Penicillium puberulum, 565 
Penta. in nomenclature, 86, 91 
Pentacene, 922. 956 
Pentadienyl radieal, 798 
Pentaerythritol nitrate, 282 
Pentane (see also Alkanes), 86, 230 
2.4-Pentanedione, 510. 544. 969 
aeidity, 665-666 
Pentanenitnle, 648 
Pentanoic acid, 648 
2-Pentanol. 396 
dehydration. 273-274 
2-Pentanonc, 510 
3-Pentenal, 537-538 
|-Pentene, 396 
cis-2-Pentene. 112 
trans-2-Pentene. 112 
Pentencs 
from bromopentanes, 197. 386 
from 2-pentanol. 274 
3-Penten-2-one. reaetion with water, 551 
Pentobarbital. 644 
Pentyl group. 87 
2-Pentyne. 379 
Peptide bond, 861 
Peptides (see also Proteins). 861-862 
biosynthesis. 868-870 
bond lengths, 862-863 
cyclic. 871 
nomenclature, 861 
structure determination. 863-864 
synthesis. 864-868 
Perdeuteriobenzene. 469 
Perdeuteriomethane, 222 
Perhydro. as prefix. 959 
Perieyelie reactions, 423, 781-800 
Periodie acid oxidation, 290 
Permanganate oxidation 
of aleohols, 288 
of aldehydes, 541 
of alkenes. 415-418 
of alkylbenzenes. 483 


Peroxides 
effect on HBr addition, 394 
from ethers, 234 
as free-radical catalysts, 235. 428 
Peroxyacetic acid, 234 
Peroxybenzoie acid, 235, 416 
PETN, 282 
Petrochemicals, 103 
Petroleum, 101-103. 231 
Petroleum coke, 101 
Petroleum jelly. 101 
PGE, 896 
РСЕ 396 
pH, 29 
Phases 
of orbitals, 43 
of waves, 42 
Phase-transter catalysts, 727 


Phenanthrene (see also Aromatic compounds), 


450. 742-746 
oxidation, 747 
reactions, 748 
Phenobarbital, 644 
Phenol (see also Phenols), 279-280. 451 
acidity, 279-280 
activated ring, 475, 479 
as antiseptic, 280 
aromatic substitution, 475 
from benzenesulfonic acid, 497 
esterification. 616. 624. 627 
from phenyl ethers, 294 
reaction with acid anhydrides, 624 
reaction with acid halides. 616 
reaction with isocyanates, 645 
Phenolates, 969 
Phenol free radical. 235 
Phenolphthalein, 930 
Phenol red. 945 
Phenols (see also Phenol), 483-486 
acidity. 484. 578 
in coupling reactions, 490 
from aryl halides, 491 
from diazonium salts. 489 
esterification, 484 
as free-radical inhibitors, 235-236 
Kolbe reaction, 484-485 
nomenclature, 966 
oxidation. 486 
reactivity, 483—484 
Reimer-Tiemann reaction. 485-486 
Phenoxide ion, 484 
Kolbe reaction, 484—485 
from phenol, 279-280 
reaction with bromoethane, 293 
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resonance-stabilization, 280, 585 
Phenylacetonitrile, 649 
Phenylacetylene, 379 
Phenylalanine (phe), 853, 717 
1-Phenyl-1,3-butanedione, 689 
4-Phenylbutanoic acid, 626 
1-Phenyl-2-butanol, 275 
3-Phenyl-3-butcn-2-one, 680 
Phenyl esters, 590, 616. 624, 627 
Phenyl cthers, 293 
Phenyl ethyl kctonc, 472 
(2-Phenylethyl)amine, 649 
B-Phenylcthylaminc, 706 
Phenyl group. 96, 452, 956 
Phenylhydrazine, 531-532 
Phenyl isocyanate, 645 
Phenyl isothiocyanate, 863 
Phenyl ketones 

conversion to alkylbenzenes, 472, 

540-541 

by Friedel-Crafts reaction, 472, 511, 617 
Phenylketonuria, 853 
Phenylmagnesium bromide, 216, 238, 577 
Phenyl N-phenylcarbamate, 645 
3-Phenylpropanal, 511 
2-Phenyl-2-propanol. 618 
| -Phenyl-1-propanone, 618 
B-Phenylpropionaldehyde, 511 
2-Phenylpyridine, 756 
Phenylthiohydantoin, 863 
Pheromones, 904 
Phosgene, 657 
Phosphate groups 

in DNA, 767 

in sugars, 545-546 
Phosphite esters, 271 
Phosphoglycerides, 893 
Phospholipids, 727, 893-895 
Phosphonium ylids, 532-533 
Phosphorous acid, 271 
Phosphorus trichloride 

reaction with alcohols, 270 

reaction with carboxylic acids, 613, 620 
Photography, 486 
Photo-induction, of pericyclic reactions, 786, 

789 
Photolysis, 407 
Photons, 314 
o-Phthalic acid, 570 

acidity, 591 

from naphthalene, 746 

from naphthalene compounds, 747 
Phthalic anhydride 

conversion to phthalimide, 644, 715 
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Phthalic anhydride (continued) 
in glyptal, 637 
from naphthalene, 746 
reaction with alcohols, 627 
Phthalimide (see also Gabriel phthalimide 
synthcsis) 
acidity, 715 
from phthalic anhydride, 644, 715 
Pi (7) bonds, 52-53 
in acetylene, 56-58 
in carbonyl group, 63-64 
conjugated, 65-66, 420, 550, 920-921 
dissociation energy, 53 
in ethylene, 52-56 
restricted rotation, 53, 111 
Pi eloud, aromatic, 67-68, 460 
Picnic acid, 491 
Pi electrons 
delocalization, 66-67, 72-73, 187-189, 
458-459, 462 
in nmr, 334-335 
number for aromaticity, 463 
transitions, 55-56, 919-922 
in uv, 919-92] 
Pimelic acid, 591, 964 
Pinacol, 276 
Pinacolone, 276 
Pinacol rearrangement, 276-277 
Pinane, 955 
a-Pinene, 443, 900, 902 
Pinworms, 76, 726 
Pi (п) orbitals (see also Pi bonds; p orbitals; etc.) 
of allyl radical, 797 
in aromatic compounds, 67-68, 460—465 
in conjugated systems, 65-66, 782-784 
of ethylene, 52-57, 786-787 
of pentadienyl radical, 799 
Pi* (7*) orbitals, 55, 461, 920-921 
Piperazine, 76, 709, 726 
Piperidine, 709, 958 
basicity, 722, 724 
in enamine reactions, 674-675, 677 
reaction with acid halides, 617 | 
reaction with cyclohexanone, 674 
Pituitary hormone, 871 
pK 29 
рК». 30 
PKU, 853 
Planek's constant, 314, 916 
Plane of ring, 118, 128 
Plane of symmetry, 147 
Plane-polarized light, 138 
Plasmalogens, 894 
Plasties, 428 
Platinum, as hydrogenation catalyst, 410 


Pleated shect, 874-875 
Plexiglas, 430 
Poisoned catalyst, 103 
Poison ivy, 446 
Polar eovalent bonds, 19 
Polarimeter, 138 
Polarizability, of nucleophiles, 202 
Polarization of halogens, 402, 467 
Polyamides (see also Peptides; Proteins; ete. ), 
642 
Polychlorinated biphenyls, 162 
Polycyclic aromatic compounds (see also 
Naphthalene, ete.), 742 
Polyenes 
colored, 921 
cyclization, 789-794 
cycloaddition, 423, 781, 785-789 
line formulas, 424 
orbitals, 783-785 
rearrangements, 782, 795-800 
uv spectra, 920 
Polyesters, 636-637 
Polyethylene, 428 
Polygon formulas, 14-15 
Polyisobutylene, 432 
Polyisoprene, 431, 433 
Polymerase, 877 
Polymers, 427-433 
addition, 428, 431-432 
from drying oils, 234 
end groups, 428 
free-radical. 428 
head-to-tail, 429 
primary and secondary structures, 432 
stereochemistry, 432-433 
types, 428, 433 
Polymethyl methacrylate. 430 
Polynuclear compounds, 742 
Polypeptides, 861 
Polypropylene, 429-430, 433 
Polysaccharides (see also Starch: Cellulose; 
ete.), 807, 839-843 
Polystyrene, 430 
Polyunsaturated vegetable oils, 413. 889 
Polyurethanes, 645 
Polyvinyl ehlonde (PVC), 162, 430 
p orbitals (see also Pi bonds; Pi orbitals), 3 
in acetylene, 56-58 
in allylic and benzylic systems, 188-190 
in aromatic compounds, 67-68, 460-465, 753, 
DI 
in conjugated double bonds, 66 
in ethylene, 52-53 
phases of, 54-55 
Porphyrin, 761-762 


Potassium, reaction with alcohols, 279 

Potassium permanganate (see Permanganate 
oxidation) 

Preservatives, 235-236 

Primary alcohols (see або Alcohols). 260 

Primary alkyl halides (see also Alkyl halides). 
164 

Primary free radicals, 225 

Primary structure, 432. 872 

Priorities in nomenclature. 96-97. 259, 960 

Priority rules, Cahn-Ingold-Prelog. 115-116 

Progesterone, 909 

Progestins, 908-909 

Proline (pro), 853 

Promotion of electrons (see або Electron 
transitions). 55-56 

Proof, and alcohol content, 287-288 

Propagation reactions. 217-218 


Propanal (see also Aldehydes, Propionaldehyde), 


94 
condensation, 679 
reaction with Grignard reagent, 240 
Propane (see also Alkanes), 86 
halogenation, 223. 227-228 
1.3-Propanediamine. 708 
Propanedioic acid (see also Malonic acid), 570 
Propanoic acid (see або Propionic acid), 570 
by amide hydrolysis. 641 
a halogenation, 621 
from propanal. 542 
Propanoic anhydride, 622 
1-Propanol (see also Alcohols). 83. 257-258, 
262 
oxidation, 289 
from ргорепе. 399 
reaction with HX. 268 
2-Propanol (see also Alcohols). 83. 257-258 
from acetaldehyde. 240 
from acetone, 263 
dehydration, 273 
in iodoform test, 549 
from ргорепе. 395 
reaction with НХ. 268-269 
Propanone (see also Acetone), 95, 510 
Propanoyl chloride (see also Acid halides), 613 
in Fnedel-Crafts reaction. 472, 618 
Propenal. 525 
in Diels- Alder reactions, 423, 425 
reaction with НСІ. 551 
Propene (see also Alkenes; Propylene), 377 
from 2-bromopropane, 166, 192-193 
free-radical addition of HBr to, 394 
in Friedel-Crafts reaction, 472 
halogenation, 225 
polymerization, 429-430 
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from 2-propanol, 273 
reaction with НСТ, 391-392 
reaction with NBS, 229 
reaction with water, 395 
Propenyl groups, 954 
Propionaldehyde (see also Aldehydes; Propanal), 
510. 514 
Propionic acid (see also Propanoic acid; 
Carboxylic acids) 87, 510, 569-573 
Propionic anhydride (see also Acid anhydrides), 
622 
Propionyl chloride (see also Propanoyl chloride), 
613 
Propoxide ion (see also Alkoxides), 293 
Propyl acetate, 626 
n-Propyl alcohol (see 1-Propanol) 
n-Propylamine (see also Amines), 708 
n-Propylbenzene, 472 
n-Propyl benzoate, 281 
n-Propyl bromide (see 1-Bromopropane) 
n-Propyl chloride (see 1-Chloropropane) 
Propylene (see also Propene; Alkenes), 166, 378 
polymerization, 429-430, 433 
Propylene chlorohydrin, 406 
Propylene oxide (see also Epoxides), 255 
n-Propyl group, 89 
n-Propyllithium, 237, 242 
Propyne (see also Alkynes) 
reaction with bases, 377 
reaction with hydrogen, 82 
Prostaglandins, 895-897 
Prosthetic groups, 875, 877, 879 
Protamines, 872 
Proteins (see also Peptides; Enzymes), 850, 861, 
871-880 
amino acids in, 852-853 
biosynthesis, 766, 868-870 
calories in, 889 
classification, 871-872 
collagen, 873 
conjugated, 871-872 
cross-linked, 854-855, 873 
denaturation, 876 
disulfides in, 300, 854-855 
fibrous, 871-872 
globular, 871-872, 875 
helices, 872 
hydrogen bonding, 873 
hydrolysis, 850 
pleated sheets, 874-875 
primary, secondary, and tertiary structures, 872 
renaturation, 876 
Protonation 
of alcohols, 267 
of alkenes, 389-390, 392 
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Protonation (continued) 

of amines, 27, 62 

of carbonyl group, 513 

of water, 267 
Proton magnetic resonance (see Nmr headings) 
Protons 

equivalent, 337-338 

Shielded, 331 
Prunus, 527 
Psilocin, 778 
Puberulic acid, 565 
Pulegone, 704 
Purine, 753, 767, 958 
Putrescine, 709 
PVC, 162 
Pyran, 753, 815, 958 
Pyranose, 815 
Pyranosides, 820 
Pyrazole, 958 
Pyridine, 743, 752, 958 

as acid scavenger, 284, 616 

basicity, 724, 754 

bonding, 69, 753-754 

chemical shift, 462 

dipole moment, 753, 760 

as nucleophile, 754 

reaction summary table, 774 

resonance energy, 462 

substitution reactions, 754-757 
Pyridine-chromic oxide complex, 289 
Pyridine hydrochloride, 616, 755 
Pyridinium ion, 755 
Pyridoxine, 878 
Pyridoxyl phosphate, 878 
Pyrimidine, 753, 767, 958 
Pyrocatechol, 966 
Pyroglutamic acid, 870 
Pyrolysis, 100, 230-231 
Pyrrole, 743, 752-753, 758 

bonding. 759-760 

dipole moment, 760 

reaction summary table, 775 

substitution reactions, 760 
Pyrrole red, 778 
2-Pyrrolesulfonic acid, 760 
Pyrrolidine, 709 

basicity, 723 

in enamine synthesis, 677 
Pyruvic acid, 594, 962 


Quanta, 314 
Quantum theory, 2, 42 


Quartet, in nmr, 347-348 
Quaternary ammonium hydroxides, 729-731 


Quaternary ammonium salts, 707-708, 726-727 


from alkyl halides and amines, 715 
chiral, 710 
Quinoline, 753, 958 
basicity, 757 
reaction summary table, 774 
Skraup synthesis, 779 
substitution reactions, 758 
Quinone, reduction, 486 
Quinones (see also Anthraquinones, etc.) 
color, 927 
from hydroquinones, 232 
reduction, 232, 486 
Quinuclidine, 213 


(R), forconfiguration, 141-142, 961 
R, as alkyl group, 60 
(R) and (S) system, 141-142, 961 
for two chiral carbons, 144-145 
Racemic mixture, 140 
resolution, 139, 148-150 
Racemic modification, 140 
Racemization 
in free-radical reactions, 221 
in S,1 reactions, 177, 179 
Radiation (see also Electromagnetic radiation: 
Infrared radiation; etc.), effect on 
cells, 233, 312 
Radicals (see Free radicals) 
Radio waves, 313, 329 
Radius, atomic, 5-6 
Raffinose, 849 
Rate constant, 172 
Rate-determining step, 180 
Rate-limiting step, 180 
Rate of reaction, 172-173 
and carbocation stability, 182 
effect of concentration, 172 
effect of structure, 174-175 
first-order, 180 
free-radical, 223 
relative, 174 
second-order, 173 
5,1, 180 
Se 172-175 
Reaction kinetics, 172 
Reaction mechanism, 169 
Rearrangements 
in alkene reactions, 393 


Rearrangements (continued) 
of carbocations, 183-184, 269. 393, 902 
Claisen, 795 
Cope. 795 
in dehydration of alcohols, 275 
of free radicals, 226 
in Friedel-Crafts alkvlations, 471 
Hofmann, 719-720 
in mass spectra, 942 
pinacol, 276-277 
sigmatropic (see Sigmatropic rearrangements) 
in S,1 reactions, 183-184 
of terpenes, 902-903 
Reciprocal centimeters (cnr), 313 
Recombinant DNA, 766 
Reducing sugars. 808. 821 
Reductase. 877 
Reduction (see also Hydrogenation), 286-287 
of acid halides, 619-620 
of aldehydes, 536-541 
of amides, 718 
of carboxylic acids, 590, 619 
Clemmensen. 540-541 
of esters, 633 
of ketones, 263, 472, 536-541 
of nitnles. 649. 718 
of nitroarenes. 487. 718 
or polycyclic aromatics, 747-748 
of quinones, 486 
of sugars, 824-825 


of unsaturated carbonyl compounds, 537-538. 553 


Wolff-Kishner. 540 
Reductive amination, 541. 718-719, 860 
Refining of petroleum, 101-102 
Reimer-Tiemann reaction. 485 
Relative configuration, 140 
Renaturation. 876 
Replication, 771 
Resolution, 139, 148-150. 732 
Resonance. 68-73 
Resonance energy (see also Naphthalene: 
Pyndine: etc.) 
of benzene. 459 
of polycyclic systems, 745 
Resonance hybrid. 68 
Resonance-stabilization, 72-73, 462 
and acidity. 585 
of allyl cation, 187-188 
and amine basicity, 724 
in aromatic substitution. 468, 477-480, 
749-750. 756-757. 761 
of benzyl cation, 189 
of enolate ions. 543, 661-665 
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of free radicals, 225, 235 
Resonance structures, 68-72 
Resorcinol, 966 
Retention of configuration, 271, 400 
Retinal, 925-926 
Retrosynthetic analysis, 246 
Rhodopsin, 925-926 
Ribonucleic acids (see also RNA), 766 
Ribonucleotides, 772 
Ribose, 807-808, 810, 813 

mutarotation, 819 

in RNA, 772 
Ribosomes, 868 
Rickets, 798 
Ring current, 334 
Ring strain, 123 
RNA 

messenger, 766. 868 

in protein synthesis, 868 

ribosomal, 868 

structure, 772 

synthesis, 773 

transfer, 868 
Robinson annelation, 694 
Root, in nomenclature, 87 
Rotation 

around bonds, 110-111, 117-119, 121-122 

of plane-polanzed light, 138 

specific, 139 
Roundworms, 76, 726 
Rubber, 431-433 
Rubbing alcohol, 255 
Ruhemanns purple, 859 


(5), for configuration, 141-142, 961 
Safflower oil, 413 
Salicylaldehyde. 485-486 
Salicylic acid, 485, 962 
Salt bridges, 873 
Salts (see Amine salts; Carboxylates; etc.) 
Sandmeyer reaction, 488 
Saponification, 630-631, 891 

of malonic ester, 670 
Saran, 430 
Saturated hydrocarbons, 81 
Saytseff rule 

in alcohol dehydrations, 274 

in alkyl halide eliminations, 195-196 
5 character, 58 
Schiff base, 528 
Schotten- Baumann reaction, 617 
Scopolamine, 153, 764 
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Sebacic acid, 964 

sec, as prefix, 90 
Seconal, 704 
secondary, as prefix, 90 


Secondary alcohols (see also Alcohols), 260 
Secondary alkyl halides (see also Alkyl halides), 


164 
Secondary free radicals, 225 
Secondary structure, 432, 872 
Second-order kinetics, 173 
Scmicarbazide, 531 
Semiquinone, 232 
Sequence rules, 115-116 
Serine (ser), 853-854 
Sesquiterpenes, 900 
Sevin, 645 
Sex attractants (see Pheromones) 
Shielded proton, 331 
1,2-Shift, 184 
Sickle-cell anemia, 855 
Side chains, 87, 952 
Sigma (о) bonds, 44 
in benzene, 67 
and inductive effect, 182, 332 
rotation around, 119, 121-122 
of sp carbon, 57 
of sp? carbon, 52 
of sp" carbon, 49 
Sigma-electron transitions, 919-920 
Sigma (о) orbital, 44 
Sigma* (о*) orbital, 45, 55 


Sigmatropic rearrangements, 782, 795-800 


and vitamin D, 798-800 
Silane, 237, 969 
Silicon compounds, 236-237 
Silk fibroin, 874 
Silver ions 

in photography, 486 

in Tollens reagent, 542 
Silver mirror test, 542 
Silver oxide, reaction with quaternary 

ammonium salts, 730-731 

Single bond, 8 
Singlet, in nmr, 342 
Singlet methylene, 407—408 
Singlet state, 407, 933 
Skraup synthesis, 779 
S,1 reactions, 176-177 

of alcohols, 269 

of alkyl halides, 177-185 

of allylic and benzylic halides, 

185-189 
energy diagram, 178 
of ethers, 294 


factors affecting, 201-204 
racemization, 179-180 
rate, 180-181 
rearrangements, 183-184 
stereochemistry, 179-180 
S,2 reactions, 169 
of alcohols, 269 
of alkyl halides, 169-176, 664, 714-716 
of allylic and benzylic halides, 189-190 
of amines, 714-715 
of enamines, 675 
energy diagram, 171 
of enolatcs, 664 
of epoxides, 296-298 
of ethers, 294 
factors affecting, 201-204 
phase-transfer catalysis, 727 
rate, 172-176 
stercochemistry, 170-171 
steric hindrance, 175 
Sni reaction, 272 
Soaps, 631, 891-892 
Sodamide 
reaction with alcohols, 266, 279 
reaction with alkynes, 377 
Sodium 
reaction with alcohols, 279 
reaction with alkynes, 377 
reaction with aromatic compounds, 747 
reaction with esters, 633 
Sodium acetate (see also Carboxylates), 580 
Sodium ammonium tartrate, 139 
Sodium bisulfite, 527 
Sodium borohydride 
in demercuration, 396-397 
reaction with aldehydes and ketones, 537-539 
Sodium chloride, solubility in alcohols, 258 
Sodium ethoxide (see also Ethoxide ion), 278 
Sodium formate, 580 
Sodium iodide, 514 
Sodium-lead alloy, 216 
Sodium nitrite, in diazonium synthesis, 487 
Sodium palmitate, 631 
Sodium propanoate (see also Carboxylates), 625 
Sodium propionate, 625 
Solubility 
and hydrogen bonding, 26, 256-257 
and van der Waals attractions, 99 
Solvation 
and acidity, 585 
and basicity, 723 
and nucleophilicity, 203 
Solvolysis, 176 
Solvomercuration, 397 


Sow., 100 
5 orbital. 2-3 
Sorbitol, 824-825 
Sorbose, $2 
sp orbitals 
of carbon, 47, 56-57 
of nitrogen, 62 
зр? orbitals 
of carbon, 47, 51-53 
of nitrogen, 62 
sp. orbitals 
of carbon, 47-50 
of nitrogen, 61-62 
of oxygen, 63 
Spanish flies, 606 
Specific rotation. 139 
Spectra (see Infrared spectra; Mass spectra; Nmr 
spectra; Ultraviolet spectra) 
Spectroscopy (see also Infrared spectroscopy. 
etc.), 312 
Spermaceu. $$$ 
Sphingolipids, 893-895 
Sphingomvelin, 894-895 
Spin numbers, 107 
Spin-spin coupling. 340 
Spin-spin splitting, 30-341 
diagrams. 352-354 
Splitting patterns (see also Nmr spectroscopy). 
342-354 
Squalene. 899. 901. 903-904 
Stabilization 
by inductive effect, 182 
by resonance, 72-73 
Starch, 807. 840-842 
Stearic acid. 888. 962 
Stereochemistry, 110 
of alkene additions. 399-408 
of Diels- Alder reaction. 426-427 
of E2 reactions, 197-198 
in electrocyclic reactions, 793 
of free-radical halogenations. 221-222 
of hydrogenation. 411 
of polymers, 432-433 
in sigmatropic reactions, 797-798 
of S.1 reactions, 179-180 
of S.2 reactions. 170-172 
of 5,1 reactions, 272 
Stereoisomers, 111. 144 
Stereospecific reactions, 199 
Steric assistance, 183 
Stenc hindrance 
and 1.4-addition. 552 
and carbocation formation, 183 
in E2 reactions, 200-201 
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in estenfication, 588-589 
in ketone reactivity, 520 
in metal hydnde reductions, 539 
in S,1 reactions, 183 
in 5,2 reactions, 175 
Steroids, 887. 905-910 
biosynthesis. 898-899, 903-904 
conformation, 905-907 
nomenclature, 905 
Straight-run distillation, 101 
Strain energies. 123 
Strecker synthesis, 859 
Stretching vibrations, 316 
Structural formula. 12-15 
Structural isomerism. 82-84 
Strychnine. 150, 733 
Styrene, 451, 956 
from benzaldehyde, 533 
polymenzation, 430 
Styrofoam. 430 
Suberic acid, 964 
Substitution reactions (see also Aromatic 
substitution reactions; 5.2 reactions: etc.). 
165 
of alcohols. 266-272 
of alkyl halides, 165-166, 169-190. 201-205 
of aromatic compounds (see individual 
compound headings) 
of epoxides, 295-298 
of ethers, 293-294 
nucleophilic acyl. 614 
Succinic acid. 964 
acidity. 591. 880 
Succinic anhydride, 592, 623 
Succinimide. 229 
Succinyl chloride, 965 
Sucrose, 806. 808, 838-839 
Sugars (see also Glucose: Disaccharides; 
Monosaccharides; etc.) 
blood. 808 
invert, 838-839 
milk, 808. 837 
reducing, 808, 821 
simple. 806 
table, 807, 838 
Sulfa drugs, 645-646 
Sulfamerazine, 646 
Sulfamethoxypyridazine, 646 
Sulfanilamide, 646, 967 
Sulfates, alkyl, 283-284 
acidity, 283, 578 
from alcohols, 283 
from alkenes, 394-395 
as detergents, 892-893 
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Sulfathiazole, 646 
Sulfhydryl group (see also Thiols), 299 
Sulfide ions, 205, 300 
Sulfides, alkyl, 300 
Sulfonamides, 643, 645 
Sulfonates, alkyl, 284-285, 892-893 
Sulfonation 
of benzene, 473 
of naphthalenc, 748, 750-751 
of pyrrole, 760 
Sulfones, 300 
Sulfonic acids, 284 
acidity, 578 
aryl, 473, 497 
nomenclature, 963 
Sulfoxides, 300 
Sulfur compounds (see Thiols; Sulfides; etc.) 
Sulfuric acid 
fuming, 473 
reaction with alcohols, 266, 273-274, 
283-284, 292 
reaction with alkenes, 394-395 
reaction with aromatic compounds (see 
Sulfonation) 
Sulfuryl chloride, 283 
Suprafacial migration, 797 
Symmetry, in meso compounds, 147-148 
Symmetry-allowed reaction, 787 
Symmetry-forbidden reaction, 787 
Sympathetic nervous system, 706 
syn-addition 
of borane to alkenes, 399-400 
of carbenes, 407-408 
of hydrogen, 411 
of oxidizing agents, 415 
Syndiotactic polymer, 433 
Syn fuels, 104 
Synthesis gas, 104 
Synthesis problems, solving, 245-248 


t, as prefix 90, 952 

2,4,5-T, 502 

Talose, 813 

Tar sands, 104 

Tartaric acid, 964 
configuration determination, 811-812 
stereoisomers, 147-148 

Taurine, 910 

Tautomerism, 543-546 

t-butyl group (see also Butyl headings), 90, 952 

2,3,7,8-TCDD. 502 

Teflon, 431 


Terephthalic acid, 600, 964 
Terminal-residue analysis, 863 
Termination reaction, 218 
Terpencs, 887, 897 
biosynthesis, 898-899, 903 
classification, 900 
isoprenc units in, 897-898 
nomenclature, 955 
rearrangements, 904 
Terpenoids, 897-898 | 
y-Terpinene, 419 
a- Terpincol, 915 
tert-butyl group (see also Butyl headings), 90, 


952 
tertiary, as prefix, 90, 952 | 
Tertiary alkyl halides (see also Alkyl halides), | 
164 
Tertiary alcohols (see also Alcohols), 260 
tertiary-butyl group (see also Butyl headings), 
90, 952 
Tertiary free radicals, 225 
Testosterone, 909 
Tetra, as prefix, 91 
Tetraethyllead, 102-103, 216, 237 
Tetrahedral carbon atom, 49, 59 
Tetrahydrocannabinol, 305 
Tetrahydrofuran, 256, 258 
Tetrakis, as prefix, 959 
Tetralin, 483, 747-748 
Tetramers, 428 
Tetramethylammonium chloride, 708 
Tetramethylsilane, 332, 334 
Tetraterpenes, 900 
Thermal cracking, 231 
Thermal decomposition, 230-231 
Thermodynamic control 
of diene addition, 422 
in naphthalene substitution, 750 
THE 256 
Thia, as prefix, 957 
Thiamine, 878 
Thiazole, 752-753 
Thioesters, 638 
Thioethers, from alkyl halides, 205 
Thiol group, 299 
in coenzyme A, 638 
in cysteine, 854 
'Thionyl chloride 
reaction with alcohols, 271-272 
reaction with carboxylic acids, 613 
Thiophene, 753, 759, 958 
Thiourea group, 863 
Threonine (thr), 853 
Threose, 813 


Thymidine, 769 
Thynune. 767. 769. 772 
Thyroid hormones, 161. 870 
TMS, 332. 334 
TNT. 452 
a- Tocopherol. 236 
Tollens reagent. 542, 821 
Toluene (see also Alky lbenzenes: Aromatic 
compounds). 451. 454 
halogenation, 215, 228 
from heptane. 102 
oxidation, 485 
p- Toluenesulfonates, 254-285 
p- Toluenesulfony] chloride, 284, 451 
p-Toluic acid, 488. 570 
p-Toluidine, 968 
Toly] groups. 452. 956 
Tosvlates, 284-285 
Tosyl chloride. 284. 451 
trans, as prefix, 111, 119 
trans-addition (see anti-Addition). 
Transamination reactions, 320-530. 851 
s-irans-dienes, 424 
Transesterification reactions, 632 
Transition state, 170 
in alkene addition. 392 
in E2 reaction. 192. 195-196 
energy, 171-174 
and exothermic or endothermic reaction, 
327-228 
in free-radical reactions, 224, 227-228 
relation to reactants and products, 227-228 
in 5,1 reaction, 177 
in 5,2 reaction. 170-172. 190 
Transmission, in spectra, 315 
Tree diagrams. 352-354 
Trehalose. 849 
TRE. 870 
Тп. as prefix, 91 
Tnacylglycerols, 888 
Triazine, 957 
2.4.6-Tribromoaniline. 466. 474 
Trichloroethene. 113 


Trichloromethane (see also Chloroform). 216. 


219 
Trienes (see also Polyenes). 377 
Triglycerides. 888-890 
auto-oxidation, 234 
fatty acids іп. 888-889 
hydrogenation, 413—114 
hydrolysis. 888 
saponification, 631. 891 
Trigonal carbon. 51. 59 
Trimers, 428 
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Trimethylanuüne (see also Amines), 62. 711 
basicity, 31, 722-723 
from Hofmann eliminations, 731 
as nucleophile, 205 
Trimethylamine hydrochloride, 725 
Trimethylammonium chloride, 725 
2,4.6- Trimethylbenzoyl chloride. 616 
2,4.6-Tnnitrophenol., 491 
2,4.6-Tnnitrotoluene. 452 
Triose, 809 
Trioxane, 512 
Trioxolanes. 418 
Tripalmitin, 631. 888 
TriphenyImethyl cation, 80 
Triphenylphosphine oxide, 532 
Triple bonds (see also Alkynes; Nitniles), 8. 47. 
56-58 
Triplet. in nmr. 346. 353 
Triplet methylene, 407-408 
Tnptycene, 493 
Таз. as prefix. 959 
Tristearin (see also Triglycerides), 888. 891 
Triterpenes. 900 
Trivial name, 85 
Trióger s base. 710 
Тгорапе. 764 
Tropic acid, 764 
Tropine. 764 
Tropocollagen. 874 
Trypsin, 886 
Tryptophan (try). 853 
Turkey red. 928 
Turpentine, 443. 897, 900 
Tyrian purple. 161. 917. 928 
Tyrosine (tyr). 853 


Ubiquinone, 232 
Ultraviolet light, 313-314 
as free-radical initiator, 216-217. 235 
Ultraviolet spectra 
aromatic compounds, 921-922 
mesityl oxide, 918 
polyenes, 920-921 
unsaturated aldehydes, 921 
Ultraviolet spectrometer. 917 
Ultraviolet spectroscopy. 916-923 
electron transitions in. 918-923 
Unimolecular reactions (see also El reactions: 
S. 1 reactions). 180 
а. -Unsaturated carbonyl compounds. 
550-553, 594, 692-694 
Unsaturated compounds, 81. 85 
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Unsymmetrical addition, 391-392 
Uracil, 772 

Urea, 643-644 

Urethanes, 643-645 

Uric acid, 451 

Uridine, 772 

Uronic acids, 824 

Urushiols, 446 


Valence, 9 
Valence-bond formulas, 12, 68-69 
Valence-bond theory, 41 
Valence-shell electron-pair repulsion theory, 41 
Valeric acid, 571-572. 962 
6- Valerolactone, 635 
Valine (val), 853-854 
Van der Waals forces, 22, 99 
Van der Waals radius, 22 
Vanillin, 820-821 
Varnish, 234 
Vegetable oils (see also Triglycerides), 888-890 
auto-oxidation, 234 
polyunsaturated, 889 
Vibration, modes of, 316 
Vibrational states, 315-316 
Vicinal protons, 340 
Vinegar, 265 
Vinylamines (see also Enamines), 530 
Vinyl chloride, 162, 430 
Vinyl group, 378, 954 
Vinylic alcohols (see also Enols), 395, 544 
Vinylic halides, 162 
from alkynes, 390 
elimination reactions, 387 
Grignard reagents from, 238 
nmr spectra, 338, 383 
polymerization, 430 
Vinylidene chloride, 430 
Vinylmagnesium iodide, 238 
Visible radiation, 312, 916 
Visible spectra, 916-917, 923-924 
and conjugation, 921, 930-93] 
and methyl orange, 931 
Vision, 924-926 
Visual purple, 925 
Vitamin A, 902, 926 
Vitamin B (see also Nicotinamide; Riboflavin; 
etc.), 639, 878 
Vitamin C, 635, 824, 826-827, 878 
Vitamin D, 798-800 
Vitamin E, 236 


Vitamins, as coenzymes, 877 
Von Baeyer, Adolf, 123 
VSEPR theory, 41 


Walden inversion, 170 
Water (see also Hydrolysis) 
dielectric constant, 258 
reaction with alkyl halides, 176-180, 187-191 
reaction with allylic and benzylic halides, 187 
bond angle, 16, 63 
bonding, 63 
bond lengths, 16 
dielectric constant, 203 
dipole moment, 21 
nucleophilicity, 203 
рКа, 278 
reaction with aldehydes, 521 
reaction with alkenes and alkynes, 395 
soft and hard, 892 
Watson, J.D., 768 
Wavelength, 312-314, 916-917 
Wavenumbers, 313 
Waves, properties of, 42-43, 312-314 
Wax, paraffin, 101 
Waxes, 888 
Wheat germ oil, 236 
Wilkins, M., 768 
Williamson ether synthesis, 292 
Wittig, George, 532 
Wittig reaction, 532-533 
Wolff-Kishner reduction, 540 
Wood, combustion of, 100, 231 
Wood alcohol (see also Methanol), 87, 231, 255 
Woodward, R. B., 782 


X, for halogen, 162 

X-ray, 233, 313 

Xylene, 956 

Xylenes (see also Aromatic compounds; 
Alkylbenzenes), 450-451, 453-454 

Xylocaine, 336, 737 

Xylose, 813 


Yeast, 877 
Ylids, 532 


(Z), as prefix, 113 
Zeisel procedure, 294 
Ziegler, K., 431 
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Ziegler-Natta catalyst, 431 

Zinc amalgam, as reducing agent, 540-541 
Zinc chlonde, as Lewis acid, 269 
Zwitterion, 855 
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